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ABSTRACT
Coherent Control of Optical Processes in a Resonant Medium. (December 2011)
Christopher Michael O’Brien, B.S., Texas A&M University
Chair of Advisory Committee: Dr. Olga Kocharovskaya
The resonant absorption, emission, and scattering of light are the fundamental
optical processes that have been used both to probe matter and to manipulate light
itself. In the last decade there has been essential progress in coherent control of
both linear and nonlinear optical responses based on resonant excitation of atomic
coherence in multilevel quantum systems. Some interesting and useful phenomena,
resulting from coherent control of absorption and the group index, such as electro-
magnetically induced transparency, lasing without inversion, and ultra-slow group
velocity of light have been widely studied. This work is focused on coherent control
of refractive index and resonant fluorescence in multilevel medium.
We suggest two promising schemes for resonant enhancement of the refractive
index with eliminated absorption and propose their implementation in transition
element doped crystals with excited state absorption and in a cell of Rb atoms at
natural abundance. We show how to use one of these schemes for spatial variation of
the refractive index via its periodic resonant increase/decrease, remarkably keeping
at the same time zero absorption/gain. It opens the way to production of transparent
photonic structures (such as distributed Bragg reflectors, holey fibers, or photonic
crystals) in a homogeneous resonant atomic media such as dielectrics with homoge-
neously distributed impurities, atomic, or molecular gases. These optically produced
photonic structures could easily be controlled (including switching on/off, changing
amplitude and period of modulation) and would be highly selective in frequency,
naturally limited by the width of the optical resonance.
iv
We also derive the optical fluorescence spectra of a three-level medium driven
by two coherent fields at the adjacent transitions in a general case when all three
transitions are allowed. We show that coherent driving can efficiently control the
distribution of intensities between the fluorescent channels. In particular, the total
intensity of fluorescence at the transition which is not driven by the optical fields
may essentially exceed the fluorescence intensity at the driven transitions under the
condition of two-photon resonance. This counter-intuitive effect is due to depletion
of the intermediate state via atomic interference.
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11. INTRODUCTION: STATE OF THE ART AND FORMULATION OF THE
PROBLEMS
1.1 Optical coherence effects
The resonant absorption, emission and scattering of light are the fundamental
processes that have been used both to probe matter and to manipulate light itself.
In the last two decades there has been essential progress in coherent control of both
linear and nonlinear optical responses based on resonant excitation of atomic co-
herence (the coherent superposition of atomic energy states) in multilevel quantum
systems. Atomic coherence results in multiple interfering absorption paths for the
radiation interacting with the resonant transitions. This interference greatly modifies
both linear and nonlinear atomic responses leading to many interesting and useful
phenomena such as electromagnetically induced transparency (EIT), lasing without
inversion, slow and stored light, etc.
The simplest system in which these effects can be observed is a three-level lambda
system, shown in Fig. 1.1, interacting with two laser fields (probe and control) in
such a way that the laser driven transitions a↔b and a↔c are dipole allowed while
the third transition c↔b, typically hyperfine or Zeeman, is dipole forbidden. When
the decay rate of atomic coherence at the forbidden transition is slower than at
the allowed transition the interference leads to dramatic modifications of the optical
response of the system. In particular, absorption of a probe field tuned to the reso-
nance with the a↔b transition can be canceled leading to an initially opaque medium
being rendered transparent for the probe field. This phenomenon of EIT was theo-
retically predicted by Kocharovskaya [1] and experimentally discovered by Harris [2].
This thesis follows the style of Physical Review A.
2Fig. 1.1. Energy level diagram for the resonant lambda system.
Suppression of the resonant absorption also provides the possibility for lasing
without inversion. Lasing without inversion (LWI) was predicted by Kocharovskaya
[3], concurrently with Harris [4] and followed by a proposal of Scully [5]. If there is
no absorption of the field and the medium becomes transparent even a small amount
of population is incoherently pumped into the excited state can lead to laser action,
population inversion is no longer needed. There have been several reviews of the
subject [6–8], and it has been experimentally verified [9]. LWI could be used to
construct lasers at the fast decaying transitions where it is difficult or impossible to
produce population inversion such as X-ray transitions in atoms or a Gamma Ray
transitions in nuclei [10].
EIT appears in a narrow range of frequency detunings from the two-photon res-
onance condition. A narrow transparency resonance is accompanied by sharp dis-
persion leading to the possibility of manipulating the group velocity of a light pulse
propagating in the medium, i.e. to reduce it by many orders of magnitude [11] or
even bring the pulse to a complete stop [12–14], or to imprint the the quantum
3state carried by pulse photons into a superposition of long-lived spin states of atoms
and to later retrieve it with (ideally) no losses [15, 16], thus realizing the first steps
toward optically carried quantum information storage and processing and quantum
computing. While most EIT experiments are done in gases, it has also been exper-
imentally verified in solids, with one experiment showing EIT in room temperature
Ruby [17]. The theory of EIT has also been extended to include the unavoidable in-
homogeneous broadening experienced in solids both at the optical and low-frequency
transition [18].
Both EIT and LWI are based on coherent control of resonant absorption, while
slow light uses coherent control of the group index. This work is focused on the
possibilities to control the refractive index near atomic resonance while eliminating
resonant absorption. The goals are to realize a resonant enhancement of refractive
index and its periodic spatial and/or temporal variation with eliminated resonant
absorption. We are also interested in controlling resonant fluorescence by coherent
optical driving of adjacent transitions in multilevel atomic systems.
Optically generated coherence can be used for the enhancement of refractive in-
dex. The idea to use a coherent preparation of a medium for elimination of resonant
absorption as pioneered by Scully [19]. He proposed a scheme with a partially pop-
ulated upper level and a initially prepared coherence between the ground state sub-
levels. The maximum refractive index in this system occurs at the frequency tuned
between sublevels where absorption is compensated by inversionless gain. This work
was generalized in [20], to include the density dependent near dipole-dipole inter-
actions. Following this proposal a number of other three and four level schemes
involving resonant driving at one or two atomic transitions and probing of the adja-
cent transition in which resonant enhancement of refractive index is accompanied by
vanishing absorption were suggested [21]. χ ∼ 1 without absorption was expected
in high density (Nλ3 ≈ 50) alkali gas. One scheme, namely, the so called double
dark resonance scheme allows for the elimination of the gain region though under a
4rather exotic and narrow range of parameters [22]. A proof of principal experiment
was done in Rb vapors, with a density of 1012 cm−3, which showed resonance index
enhancement with vanishing absorption, although the magnitude of index enhance-
ment in this experiment was quite low, of an order of ∆n = 10−4 [23]. Unfortunately,
refractive index enhancement with vanishing absorption was unavoidably accompa-
nied by a region of gain in all of these schemes, which would lead to instability in
the case of high index.
More recently, Yavuz suggested a interesting new scheme for coherent control
and index enhancement. He considered a resonant four level system involving two
Raman transitions optically pumped into the ground state and driven by two far
off-resonant control fields forming two Λ systems with the same probe field [24]. The
dispersive and absorption characteristics in such a system, as functions of two-photon
detuning, essentially interchange so that the maximum resonant refractive index is
accompanied by vanishing absorption. Similar to the previous proposals involving
resonant driving the effect was attributed to interference and an index on the order of
10 for alkali vapor cells with densities (1017 cm−3) was predicted. At the same time,
similar to most earlier suggestions, gain appears at the frequencies in the vicinity of
vanishing absorption.
The possibility to control the fluorescence properties of three level systems by
coherent driving have been widely studied for the last two decades [25–29]. A number
of interesting effects have been predicted and studied in resonant fluorescence spectra,
such as as fluorescence inhibition [30, 31], line narrowing [28, 30, 32] and production
of squeezed states [33,34].
It has also been shown that the fluorescence of non-driven transitions can be
modified in three level media [35] where the fluorescence intensity from the non-
driven transition can be made larger than the fluorescence intensity of the driven
transitions under special conditions. This occurs because the generated coherence
5can block one photon fluorescence at the pumped transition while allowing absorption
at the combinational frequency leading to a larger population in the un-driven level.
1.2 Application of controlling the index of refraction
Tightly focused laser radiation allows for the selective addressing of small regions
of a medium. In microscopy, it is used to image tiny objects such as biological cells,
organic molecules or NV centers in the dilute diamond. In lithography, it is used for
production of miniature semiconductor integral circuits. In information processing,
it is used to provide multiple parallel optical channels. For all of these applications,
a key issue is the spatial resolution which is defined by the minimum spot size the
laser radiation can be focused to. This focal spot size is fundamentally limited by
the wavelength of light in the medium, λ, which depends on the refractive index
n as following: λ = λvac/n. Thus, high refractive index (RI) is very important
for achieving high spatial resolution in all of these applications. Materials with
enhanced RI on demand would also be important for phase shifters, interferometers,
and magnetic Faraday rotators. While those are examples of what can be done with
large changes, even the use of optical control to provide small changes in the RI
in a media may have many useful applications. For example a small shift in the
RI for a specific frequency, say ∆n > 10−3 would be enough to allow for proper
phase matching of non-linear processes such as parametric down conversion to create
entangled pairs of single photons. Even a controllable small shift in the RI could be
used in optical quantum memory schemes based on changing the RI [36].
Index of refraction characterizes the response of a medium to electromagnetic
radiation and hence it is strongly enhanced near the atomic resonance. However, if a
medium is in thermal equilibrium the enhancement of RI near the atomic resonance
is accompanied by an enhancement of absorption. Such that, when the maximal
contribution from the atomic resonance to the RI is reached, the contribution to
the absorption is the same. As a result, a 2pi phase shift and e-fold absorption take
6place at the same distance in a medium, which prevents usage of the obtained RI
in transmission experiments. In a inverted medium, high RI in the vicinity of the
atomic resonance is accompanied by high gain. However, even higher gain is present
at exact resonance which makes such a system unstable and again non-suitable for
high index applications.
So far relatively high refractive indexes with vanishing absorption have been found
mainly in far off-resonant solids, namely, well inside the energy band gaps of some
semiconductors corresponding to IR range of frequency. The RI in these materials
gets larger when the frequency approaches or exceeds the band gap however it is
accompanied by strong absorption. Some high RI materials are listed in Table 1.1.
High refractive index need not be our only goal. The same process can be used to
create lower RI. With a large decrease in the RI, indexes near zero may be possible.
Near zero RI would imply that the wavelength fills the entire media which would be
an interesting way to test collective effects in a media, since even a non-dense media
would see a vast number of atoms inside of a cubic wavelength. Changing the sign of
the electric index of refraction is also possible, when the magnetic index of refraction
is also negative, this would lead to optical meta materials.
It is worth while to also point out that in all of the previous proposals the RI was
uniform in space. None of those proposals was suitable for achieving spatial modu-
lation of refractive index with zero absorption. Currently the periodic modulation
of RI is achieved in combinational materials, namely, one, two, or three dimensional
periodic heterostructure made of two dielectric materials with different refractive
indexes, such as distributed Bragg reflectors (DBR), holey fibers, or photonic band
gap crystals (PGB). Such structures find many applications, including reflective coat-
ings, distributed feedback lasers, and optical cavities. Different technologies such as
photo-lithography, etching, drilling, and self-assembling are used for construction of
such structures. Our goal is to look for the schemes of coherent control which would
allow for periodic modulation of RI with zero absorption. It can lead to production
7Table 1.1
High refractive index materials
Material λ (nm) n Band Gap (eV)
Ge 2000 4.10 [37] 0.66 [38]
Si 1000 3.57 [39] 1.12 [38]
Si 370 6.86-2.05i [39] 1.12 [38]
Y3Al5O12 813 1.82 [40] 6.45 [41]
Y3Al5O12 405 1.86 [42] 6.45 [41]
Y3Al5O12 193 1.9 [43] 6.45 [41]
MgO 193 1.96 [43] 7.6 [43]
MgAl2O4 193 1.87 [43] 7.75 [43]
of transparent photonic structures in a homogeneous resonant atomic media such
as dielectrics with homogeneously distributed impurities, atomic, or molecular gases
simply by illuminating these materials with standing waves of a laser field. Such
optically produced photonic structures could easily be optically controlled (includ-
ing switching on/off, changing amplitude and period of modulation) and would be
highly selective in frequency, naturally limited by the width of the optical resonance.
1.3 Using two Λ schemes for refractive index control
The simplest model of a medium is as a collection of two level atomic systems,
where refractive index as characterized by the linear response is strongly enhanced
near resonance. However, it is accompanied by either resonant absorption or gain
preventing the use of high refractive index. A mixture of two two-level atomic species
could provide overlapping absorption and gain if the difference in resonance frequen-
cies is on the scale of the linewidth and one of the atomic species is inverted. A
proper overlap could result in high refractive index with vanishing absorption for
a weak field properly tuned between two atomic resonances. However the difficul-
ties associated with the practical implementation of such a combined system (finding
8proper species, providing for an even mixture, and providing population inversion for
one species while avoiding spatial fluctuations of density and population exchange,
etc.) would hardly be surmountable as discussed in [21].
Our idea [44] is to use coherent effects in a mixture of different species to induce
strong and overlapping electromagnetic responses to provide high refractive index at
vanishing absorption. This is done by implementing a separate far detuned lambda
scheme in each species. As discussed in Section 2, each of these far detuned lambda
schemes will then behave as an effective two level scheme. The superposition of these
resonances in a medium then can lead to a optically controlled RI with no absorption
or gain as discussed in Section 3. This double Λ scheme can then be implemented
either in a gas containing two different isotopes of the same element or in a doped
crystal where the dopant has two different isotopes or sits at two distinct crystal
sites in the lattice.
1.4 Using excited state absorption for refractive index control
We suggest a second model for using the resonant feature for RI control that relies
on excited state absorption (ESA) as a natural combination of two two-level transi-
tions (one inverted and one non inverted) [45]. A ladder scheme with a populated
intermediate level and closely matched transitions will have the two level absorption
and two level gain we need. By applying a strong control field, coherent control
can be used to modify the properties of either the upper absorption transition by
implementing a far detuned Λ scheme, or the lower gain transition by implementing
a far detuned V scheme. Either way we can control the properties of one of the
transitions, such that the gain can be used to compensate the absorption so that
we can make use of the resonant RI while maintaining vanishing absorption and no
regions of gain as discussed in Section 4.
91.5 Refractive index in gases and solids
Previous experimental studies of RI enhancement in Rb gas [23, 46] have shown
RI changes of ∆n < 10−4. Any hot gas has a maximum susceptibility that will
be limited by the collisional broadening since as the density increases so does the
linewidth implying a maximum change in the refractive index for most gases will be
between .1 and 1, as we discuss in Section 3.
Potentially higher resonant refractive indexes could be obtained in solids (in par-
ticular, in rare-earth and/or transition metal ions doped dielectric crystals or stoichio-
metric crystals including such ions) [47]. A scheme for refractive index enhancement
in rare earth doped crystals has been proposed [45].
Some of the benefits of solids are clear, there are much higher densities than
in atomic vapor, and no collisional broadening. At the same time there are new
challenges with solids where large inhomogeneous broadening and spatial density
fluctuations can present new problems. Application of coherently driven multilevel
schemes to solids were considered in a number of papers and very high indexes of
an order of 10-100 were expected [48, 49]. However the same problem with insta-
bility due to the nearby gain regions was inherent to these proposals. Besides so
far inhomogeneous broadening one of the main limiting factors for refractive index
enhancements in solids has been ignored, leading to impossible claims.
We therefore suggest schemes for the control of RI that can be implemented either
in gases and solids; with an example gas scheme given in Section 3, and an example
crystal scheme given in Section 4.
1.6 Optically controllable photonic structures
We extend our scheme for RI control using ESA to give the possibility to modulate
the refractive index in time or space. This can be accomplished by coherently control-
ling the upper absorption transition such that its amplitude, position, and linewidth
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exactly match the lower gain transition. In which case the medium becomes com-
pletely transparent, but we show that if the populated energy level is modulated in
space or time, say by another control field using the ac-Stark shift; that the RI is
also modulated in space or time. This means for the first time photonic structures
can be optically created in a homogeneous media.
It allows for optical modulation of refractive index while keeping transparency
of the medium and suppressing the development of instabilities associated with the
presence of gain. Combination of enhanced and reduced indexes in the neighboring
regions of a medium would allow for high index contrast and for production of co-
herently controllable waveguides or distributed Bragg reflectors [50] as discussed in
Section 5.
1.7 Controlling resonant fluorescence
Coherent control can also be used to manipulate the fluorescence of a media. Pre-
viously, coherent control of resonance fluorescence has been studied at transitions
directly coupled to one of two applied fields. Fluorescence at the third transition
that is not coupled directly to the fields has usually not been considered since these
transitions in atoms are electro-dipole forbidden due to the selection rules. The
situation may be different for example, in atomic gases when one of the three tran-
sitions is magneto-dipole allowed hyperfine or Zeeman transition driven by a radio
frequency field or in molecular gases when the driven transition is chosen between dif-
ferent vibrational or rotational levels. All three transitions may be allowed between
the energy levels of transition element ions doped into the dielectric crystals due
to admixture of the crystal field, or between the dimensional quantization levels in
asymmetric quantum wells. In these cases, studying the fluorescence at the transition
not coupled to the fields could provide important spectroscopic information.
In Section 6 we derive and compare the fluorescence spectra from three-level
atomic systems, with all three transitions allowed and coherently coupled with two
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fields in the cascade and lambda configurations [51]. We show that the total fluores-
cence intensity at the transition which is not coupled to the fields (which we call for
simplicity two-photon fluorescence though it is actually one-photon fluorescence at
the combinational frequency) may essentially dominate each of the two one-photon
(i.e. directly excited) channels. Which corresponds to a recently discovered counter-
intuitive effect, called the “valve” effect, which was predicted and experimentally
observed in scattering of Mo¨ssbauer gamma-ray radiation under the condition of
resonant radio frequency, RF, driving of the split excited nuclear state [52,53].
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2. EFFECTIVE TWO LEVEL ATOM USING A FAR DETUNED LAMBDA
SCHEME
2.1 Introduction
Our main tool for controlling the refractive index of a material will be using
coherent control to produce effective two level responses from three level atoms with
properties we can control. We can produce an effective two level atom by using
coherent control, specifically using a far detuned lambda scheme as described in
Fig. 2.1. The role of the far-detuned driving field is to shift the position of an
upper level by the magnitude of one-photon detuning ∆ making an effective two-level
transition for the probe field close to one-photon resonance, under the condition of
two-photon resonance. When the two-photon coherence lives much longer than the
optical polarization the resonant response to the probe field at the effective two-
level transition, produced by the driving field, may be as strong as in the case of a
probe field resonant with the original transition in 3-level system even though the
driving field may remain relatively weak; its Rabi frequency Ω does not exceed the
one-photon detuning: Ω ∆.
Fig. 2.1. A far detuned three-level Λ scheme as described in the text.
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A simple physically intuitive picture is presented in the decaying dressed state
basis which was developed by Anisimov [54]. In a typical dressed state picture, we
take the density matrix Hamiltonian including only the strong field terms, ignoring
the weaker probe field. Then perform a transformation that diagonalizes the Hamil-
tonian, which gives us the eigenvalues and eigenvectors that define the dressed states.
The problem with this method is it does not consider the decoherence rate or popula-
tion decay rates, which are integral to all coherence effects, since coherence between
energy levels can not exist if all of the decoherence rates are too large. The decaying
dressed state method takes a more practical approach, first you solve for the exact
solution to the density matrix system, then for the transition of interest you expand
the solution using partial fractions into the a series of Lorentzians. Each of these
Lorentzian terms represents an effective transition, so putting them all together gives
you a dressed state picture of the system that includes all of the decay terms. The
decaying dressed state basis is a way to interpret the behavior of coherent systems
that are exactly solvable. In the decaying dressed states basis the whole system can
be represented as a series of effective two-level schemes with position, width, and
amplitude of the resonances determined by the driving field. It allows for a simple,
analytic, and intuitive understanding of the susceptibility for the total system. Thus
a variety of absorption, amplification, and dispersion profiles may be engineered.
2.2 Three-level coherently driven system: density matrix formalism
We consider a three-level system with one excited state and two ground state
sub-levels labeled |a〉, |b〉 and |c〉, correspondingly (see Fig. 2.1). The system is
driven by a coherent field with frequency ωdr and Rabi frequency Ω, while being
probed by a weak field with frequency ωpr and Rabi frequency α. All-fields are far
off-resonance with atomic transitions so that one-photon contributions are negligible,
implying the driving field detuning ∆ Ω. The frequencies of the fields are chosen
in such a way that they result in a two-photon transition in the three-level system
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involving one photon from the probe field and one photon from the driving field.
The three-level system is initially prepared in one of the two ground state sublevels
via optical pumping. If the population is in state |b〉 than the scheme exhibits two-
photon absorption while if the population is in state |c〉 then the scheme provides
two-photon gain for the probe field.
The index of refraction and absorption coefficient can be found if the complex
susceptibility is known. The complex susceptibility itself can be calculated if the
optical coherence excited by a weak probe field is known.
In all of the cases that we wish to discuss we will assume population decay from
the excited state will be to the ground states, so population is conserved in the
system. Therefore the only way to properly treat such systems is to use the density
matrix formalism. Thus we are using the density matrix formalism to calculate
the optical coherence induced by a weak probe field applied to a↔b transition in a
three-level system driven off-resonance by a field applied to an adjacent transition
a↔c.
We begin with the master equation:
˙ˆρ = − i
h¯
[
Hˆ, ρˆ
]
− Γˆ, (2.1)
where we define the density matrix as:
ρˆ =

ρaa ρab ρac
ρba ρbb ρcb
ρca ρcb ρcc
 ; (2.2)
the diagonal terms of the density matrix give the percentage of the atoms that are in
that energy state, while the off diagonal terms define the strength of the coherence
15
between the energy levels. The Hamiltonian for our lambda scheme with applied
electric fields Edrcosωdrt and Eprcosωprt is defined by:
Hˆ = h¯

ωa −2αcosωprt −2Ωcosωdrt
−2α∗cosωprt ωb 0
−2Ω∗cosωdrt 0 ωc
 , (2.3)
where in the Hamiltonian we have introduced the Rabi frequencies for the probe field
α and the driving field Ω that are defined by the product of the dipole moment for
the transition and the applied electric field as:
α =
dabEpr
2h¯
, (2.4)
Ω =
dacEdr
2h¯
, (2.5)
where dij is the dipole moment for transition i↔j. This formalism allows for phe-
nomenologically including population decay rates γijr from level i↔j, coherence decay
rates γij for transition i↔j, and incoherent pumping rates rij from level |i〉 to |j〉 by
the subtraction of Γˆ. The off diagonal terms are given by Γij = γij and the diagonal
terms are given by:
Γaa = γ
ac
r ρaa + γ
ab
r ρaa − rbaρbb − rcaρcc, (2.6)
Γbb = −γabr ρaa − γcbr ρcc + rbaρbb + rcbρbb, (2.7)
Γcc = γ
cb
r ρcc − γabr ρaa + rcaρcc. (2.8)
We can then write out the 9 equations given by Eq. (2.1), this can be reduced to
five equations by noting that ρji is equal to the Hermitian conjugate of ρij and that
population is conserved in the closed system, so we can always eliminate one of the
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population equations by assuming ρbb = 1−ρaa−ρcc. Therefore we have the following
equations:
ρ˙aa = i
(
eiωprt + e−iωprt
)
(αρba − α∗ρab) + i
(
eiωdrt + e−iωdrt
)
(Ωρca − Ω∗ρac) (2.9)
− γacr ρaa − γabr ρaa + rbaρbb + rcaρcc,
ρ˙cc = i
(
eiωdrt + e−iωdrt
)
(Ωρca − Ω∗ρac)− γcbr ρcc + γabr ρaa − rcaρcc, (2.10)
ρ˙ab = −i(ωa − ωb)ρab − γabρab − iα
(
eiωprt + e−iωprt
)
(ρaa − ρbb) (2.11)
+ iΩ
(
eiωdrt + e−iωdrt
)
ρcb,
ρ˙ac = −i(ωa − ωc)ρac − γacρac + iα
(
eiωprt + e−iωprt
)
ρcb (2.12)
− iΩ (eiωdrt + e−iωdrt) (ρaa − ρcc),
ρ˙cb = −i(ωc − ωb)ρcb − γcbρcb − iα
(
eiωprt + e−iωprt
)
ρca (2.13)
+ iΩ∗
(
eiωdrt + e−iωdrt
)
ρab.
Now were going to assume either continuous wave lasers or significantly long pulses
such that the pulse duration τpulse  1/γab. Therefore we can assume slowly varying
wave packets such that the only significant temporal dependence of the coherences
is the oscillation frequency of the field, so we can define the coherences as:
ρab = σabe
−iωprt, (2.14)
ρac = σace
−iωdrt, (2.15)
ρcb = σcbe
−i(ωpr−ωdr)t, (2.16)
where σij is the slowly varying coherence amplitude for transition i↔j. Since we are
considering optical fields all of our one photon detunings will still be much smaller
than our transition frequencies therefore we use the rotating wave approximation i.e.,
we only keep the terms with frequency components that go like the difference in tran-
sition frequencies, neglecting the second components of each term whose frequency
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dependence goes as the addition of transition frequencies. Substituting Eqs. (2.14-
2.16) into Eqs. (2.9-2.13) we get the equations for the slowly varying terms:
ρ˙aa = i (ασba − α∗σab) + i (Ωσca − Ω∗σac)− γacr ρaa − γabr ρaa (2.17)
+ rbaρbb + rcaρcc,
ρ˙cc = i (Ωσca − Ω∗σac)− γcbr ρcc + γabr ρaa − rcaρcc, (2.18)
σ˙ab = −i(∆ + δ)σab − γabσab − iα(ρaa − ρbb) + iΩσcb, (2.19)
σ˙ac = −i∆σac − γacσac + iασcb − iΩ(ρaa − ρcc), (2.20)
σ˙cb = −iδσcb − γcbσcb − iασca + iΩ∗σab, (2.21)
where the one photon detuning of the driving field is defined as ∆ = ωac − ωdr and
the two photon detuning of the probe field is defined as δ = ωab − ∆ − ωpr; where
ωij = ωi − ωj.
For simplicity we assume fixed populations. Which implies either that the driv-
ing fields do not disturb an initial population distribution due to sufficiently short
interaction time tintΩ
2/∆  1 or sufficiently strong optical pumping through some
additional levels (not indicated in the Fig. 2.1); or that we are in a steady state
regime where the populations are fixed to a value, which can be solved for using a
rate equations approach. Therefore we can take the population terms to be constant
ρii = σii for each energy level |i〉. We will also assume a relatively weak probe field i.e,
α << Ω, γab; therefore, we can neglect terms that are proportional to the square of
the probe field in the expression. Finally, we assume the time derivative of all of the
slowly varying coherence amplitudes can be neglected i.e., σ˙ij = 0 for all transitions
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i↔j. Together these three assumptions give a system of three equations to solve for
the coherence:
0 = (∆ + δ)σab − iγabσab + α(σaa − σbb)− Ωσcb, (2.22)
0 = ∆σca + iγcaσca + Ω
∗(σaa − σcc), (2.23)
0 = δσcb − iγcbσcb + ασca − Ω∗σab. (2.24)
Which we can solve for the analytic expression for the a↔b coherence:
σab =
α(σbb − σaa)(δ − iγcb)
(∆ + δ − iγab)(δ − iγcb)− |Ω|2 + (2.25)
|Ω|2
∆ + iγac
α(σaa − σcc)
(∆ + δ − iγab)(δ − iγcb)− |Ω|2 .
2.3 Electric susceptibility
The linear electric susceptibility is the proportionality constant between the av-
erage induced polarization and the applied electric field:
~P = χ0 ~E, (2.26)
where 0 is the permittivity of free space. We can then solve for the average induced
polarization by finding the expectation value for the dipole moments:
~P = N < dˆ >= N ·Tr(ρˆdˆ), (2.27)
where N is the number of ions per unit volume which we will takes as having units
ions/cm3. The dipole matrix dˆ has non zero elements only for electro-dipole allowed
transitions and for non-zero elements, it has the value of the dipole moment for the
transition. In the case of our far detuned lambda scheme we take a↔b and a↔c to
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be dipole allowed and transition c↔b to not be dipole allowed; we can then take the
dipole matrix to be:
dˆ =

0 ~dab ~dac
~dba 0 0
~dca 0 0
 (2.28)
Then we can take the trace:
Tr(ρˆdˆ) = ~dabρba + ~dacρca + ~dbaρab + ~dcaρac (2.29)
= ~dabσbae
iωprt + ~dacσcae
iωdrt + ~dbaσabe
−iωprt + ~dcaσace−iωdrt
= 2~dbaσabcosωprt+ 2~dcaσaccosωdrt,
where the second line comes from Eq. (2.14) and Eq. (2.15); the third line of Eq. (2.29)
is due to σij = σ
∗
ji, dij = d
∗
ji and the need for the expectation value of the trace to
be real. Since were looking for the susceptibility of the probe field when ωpr and ωdr
are different we can neglect the contribution from the c↔b transition. Therefore the
probe field susceptibility is given by:
χ =
2Ndbaσab
0Epr
, (2.30)
where the vector signs have been removed because we assume the induced dipole is
in the same direction as the applied field and the time dependence of both cancels
out. We can then use Eq. (2.4) to put the susceptibility in the same terms as our
coherence expression:
χ =
N0|dab|2
h¯
σab
α
. (2.31)
We can then make Eq. (2.33) a more straight forward expression by using the defi-
nition for the Einstein coefficient for two level spontaneous emission:
γabr =
2|dab|2(2pi)2
30h¯λ3pr
. (2.32)
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Therefore we get the expression for χ in terms of the solution of the Bloch equations
that we will be using throughout this work,
χ =
3
8pi2
Nλ3prγ
ab
r
σab
α
; (2.33)
where in this equation γabr is the radiative decay rate of the probed transition, N is
the density of atoms, λpr is the wavelength of the probe, σab is the coherence of the
probed transition given by Eq. (2.25), and α is the Rabi frequency of the probe field.
Using Eq. (2.25) in Eq. (2.33) we have the resonant susceptibility of the three level
far detuned lambda system:
χ =
3Nλ3prγ
ab
r
8pi2
{ (σbb − σaa)(δ − iγcb)
(∆ + δ − iγab)(δ − iγcb)− |Ω|2 + (2.34)
|Ω|2
∆ + iγac
(σaa − σcc)
(∆ + δ − iγab)(δ − iγcb)− |Ω|2}.
2.4 Optical field propagation
The complex susceptibility given by Eq. (2.34) represents the response of the
system to an applied field. This response then gives the induced polarization which
acts as a source for Maxwell’s equations:
~5· ~D = ρf , (2.35)
~5· ~B = 0, (2.36)
~5× ~E = −δ
~B
δt
, (2.37)
~5× ~H = ~Jf + δ
~D
δt
. (2.38)
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In this work we will assume that the free current ~Jf and the free charge ρf are both
zero. ~B and ~E are the magnetic and electric fields. The electric displacement field
~D is given by the electric field and the polarization:
~D = 0 ~E + ~P = 0(1 + χ+ χbg) ~E. (2.39)
Here χ is the resonant susceptibility of the medium given by Eq. (2.34) while χbg
is the susceptibility due to the host medium so for gases χbg = 0 and for crystals
χbg > 0. In fact we can define a background refractive index, for when there is no
resonance present by nbg =
√
1 + χbg, which for simplicity we will assume is real.
We will also assume that our medium does not support magnetization, therefore
the magnetizing field ~H = ~B/µ0. Using Maxwell’s equations we can derive a wave
equation for the electric field, by taking the curl of Eq. (2.37) and some convenient
vector identities:
~5× (~5× ~E) = ~5(~5· ~E)−52 ~E = ~5× (−δ
~B
δt
) = −µ0 δ
δt
(~5× ~H). (2.40)
Now we can substitute in Eq. (2.38):
~5(~5· ~E)−52 ~E = −µ0 δ
2 ~D
δt2
= −µ0 δ
2
δt2
(n2bg + χ) ~E. (2.41)
When the susceptibility is spatially uniform in the medium then ~5· ~E = 0, giving
the wave equation:
52 − 1
c2
δ2
δt2
(n2bg + χ) ~E = 0. (2.42)
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In Section 5 we will be creating a susceptibility that is modulated in space such
that χ is a function of z. In this case we can not dismiss ~5· ~E, instead we need to
start from Eq. (2.35):
~5· (n2bg + χ(z)) ~E = 0, (2.43)
~5· ~E = − 1
n2bg
~5· (χ(z) ~E) = − 1
n2bg
(
χ(z)~5· ~E + ~E · ~5χ
)
, (2.44)
~5· ~E = −
~E · ~5χ
n2bg + χ
. (2.45)
We take the electric field to be a plane wave:
~E = zˆEpr(z) cosωprt, (2.46)
where zˆ is a unit vector in the z-direction; then since the susceptibility only varies
in the z-direction we have:
− ~5(~5· ~E) = zˆδ
δ
[
~E · ~5χ
nbg2+χ
]
(2.47)
=
zˆ
n2bg + χ
[
δEpr(z)
δz
δχ
δz
+ Epr(z)
δ2χ
δz2
− Epr(z)
n2bg + χ
(
δχ
δz
)2]
Each of the terms in Eq. (2.47) needs to be compared to (ωpr/c)
2. Which shows that
for small modulations of refractive index, this term can be neglected; say we have a
10% modulation of the RI over a single wavelength as does the electric field then the
first of these terms goes as:
1
n2bg
(
δE
δz
)(
δχ
δz
)
' 1
nbgλ2pr
(
∆n
nbg
)
' .1
nbgλ2pr
 ω
2
pr
c2
=
(
2pi
λpr
)2
, (2.48)
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is about three orders of magnitude smaller. The second term gives:
1
n2bg
(
δ2χ
δz2
)
' 1
nbgλ2pr
(
∆n
nbg
)
' .1
nbgλ2pr
 ω
2
pr
c2
=
(
2pi
λpr
)2
, (2.49)
again about three orders of magnitude smaller. The last of these terms goes as:
1
n4bg
(
δχ
δz
)2
' 1
λ2pr
(
∆n
nbg
)2
' .01
n2bgλpr
 ω
2
pr
c2
=
(
2pi
λpr
)2
, (2.50)
is 4 orders of magnitude smaller. Therefore there are 3 orders of magnitude difference
between the ~5· ~E term and the other terms in the equation, so it can safely be
neglected. Although for modulations over very small spacial periods the term given
by Eq. (2.49) may bear consideration.
By assuming that nbg is constant over the frequencies of interest and that the
complex susceptibility χ = χ′ − iχ′′, only slowly varies in time we can simplify
Eq. (2.42): [
δ2
δz2
+
ω2pr
c2
(n2bg + χ
′ − iχ′′)
]
Epr(z) = 0 (2.51)
Now if we note that ωpr = 2pi/λpr, the solution of the wave equation is given by:
Epr(z) = Epre
−i
2pi
√
n2
bg
+χ′
λpr
√
1−i χ′′
n2
bg
+χ′ z
. (2.52)
In this work we will always be dealing with situations when χ′′  n2bg +χ′ so the
square root can be replaced with the first terms of its Taylor series:√
1− i χ
′′
n2bg + χ
′ = 1−
i
2
χ′′
n2bg + χ
′ = 1−
iχ′′
2n2
, (2.53)
where we have defined the RI as n =
√
n2bg + χ
′. Now the solution to the wave
equation is given by:
Epr(z) = Epre
−2piin
λpr
z
e
− piχ′′
λprn
z
. (2.54)
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Now we can clearly identify in Eq. (2.54) that imaginary part of the susceptibility
causes the field to either experience absorption or gain in the medium depending on
the sign of χ′′. The term is exponential such that e-fold absorption happens to the
applied field in a distance of nχ′′λpr/pi inside the media. While the real part of the
susceptibility χ′ modifies the refractive index which gives the amount of phase shift
of the field as it propagates through the media.
2.5 Local field effects
So far we have implied that the electric field given by Maxwell’s equations and
that used for the optical Bloch equations is the same. This neglects near dipole-
dipole effects (NDD) that appear in dense media [55]. In fact this is inconsistent
because the optical Bloch equations are equations for the atom that experiences the
local electric field, while Maxwell’s equations and the wave equation we derived in
the previous section are for the macroscopic field. Therefore in the Bloch equations
given by Eqs. (2.24-2.25), assuming a isotropic homogeneous material we should use
the microscopic local field given by the Lorentz-Lorenz relation [56]:
EL = E +
1
30
P. (2.55)
Since this implies that the polarization, which we use the optical Bloch equations to
solve for, then goes into these equations, to find the susceptibility we now need to
solve the coupled Maxwell-Bloch equations as a self consistent set of equations. This
can lead to many interesting effects, primarily an enhancement in the susceptibility.
In the lasing without inversion approach to refractive index enhancement in gas
pioneered by Scully [19] there has been studies showing that the refractive index
enhancement will be increased by the local field effects [55, 57].
We studied this effect for our resonant enhancement of RI scheme in both gases
and solids by numerically solving the self-consistent equations. We find that when
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the resonant susceptibility is much smaller than the background refractive index
χ  n2bg that the only non-negligible effect due to the local fields is to increase the
susceptibility by the local field correction factor:
l =
n2bg + 2
3
; (2.56)
therefore, for gases this term can be neglected while for the solid systems that we
will consider in Sections 4 and 5 it can be quite significant. Of course when the
enhanced susceptibilities approach 1, there can be more interesting effects but we
will not consider those in this work.
There are two other considerations due to NDD effects that may be considered.
For one there is a frequency shift of the lines called the Lorentz local-field shift [58].
This will give an excitation dependent shift in the detunings, but since in most cases
it will be quite small; and frequency shifts do not have an overall effect on theory,
so we will neglect it in this work. In solids there will also be an enhancement effect
on the control field Rabi frequencies, though it would be disingenuous to claim this
decreases the control field intensities needed to reach a given Rabi frequency, since
the Eswald-Oseen extinction theorem implies that the field entering the crystal will
lose intensity while passing through the vacuum and dielectric interface also by a
factor l [59, 60].
2.6 Effect of inhomogeneous broadening
We derived the expression for the susceptibility Eq. (2.34) under the assumption
of homogeneous broadening, when values of the Rabi frequency Ω and one-photon
detuning ∆ are well defined by intensity and frequency of the driving field. In the case
of inhomogeneous broadening of the probed transition the frequency of the driving
field defines only the mean value of one-photon detuning ∆0 while variance is defined
by inhomogeneous broadening. Namely, ∆ = ∆0 + ∆inh with 〈∆2inh〉 − 〈∆inh〉2 =
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(
γinhab
)2
, where 〈· · · 〉 is averaging over the inhomogeneous profile. For the case of
inhomogeneous broadening of the c↔b transition we only have a mean value of the
two photon detuning δ0 while the varying detuning is given by δ = δ0 + δinh with
〈δ2inh〉−〈δinh〉2 =
(
γinhcb
)2
. Therefore, the two-photon transition probability, frequency,
and width are also not well defined. For coherence effects in resonant lambda systems
such as EIT, it was shown [18] that inhomogeneous broadening can cause a significant
change in the theory derived for homogeneous broadening. Therefore it is important
to consider, but we demonstrate for our case of a far detuned scheme, inhomogeneous
broadened systems will behave similarly to homogeneously broadened systems.
The inhomogeneous profile in both solids and gases will be Gaussian, but in order
to easily deal with the analytic expressions we will approximate with a Lorentzian
profile. If we start with the coherence given by Eq. (3.2) or Eq. (3.3), we can integrate
over the Lorentzian distributions of the one and two photon detunings:
σinhab =
∫ ∞
−∞
d∆inh
γinhab /pi
∆2inh + (γ
inh
ab )
2
∫ ∞
−∞
dδinh
γinhcb /pi
δ2inh + (γ
inh
cb )
2
σab(∆inh, δinh). (2.57)
In the limit, ∆0 > γab, γcb,Ω; these integrals can be solved analytically which shows
that the inhomogeneous profile can be taken into consideration in all the equations
we derive simply by replacing the homogeneous linewidths with the total linewidth
that includes the inhomogeneous broadening i.e., γab → γab + γinhab + γinhcb and γcb →
γcb + γ
inh
cb . Except we also have to replace γac → γac − γinhab . It is important to keep
in mind this is not a change in the linewidth of the a↔c transition, just in how the
decoherence of this transition comes into Eq. (2.34). One can see that the quantity
that matters is the total linewidth.
Numerical treatments of inhomogeneous broadening for the far detuned lambda
scheme also confirm that by including the total linewidth into the homogeneously
broadened theory, we retrieve the correct amplitude, linewidth, and position of the
two photon feature. Of course a numerical treatment shows that the lineshape will be
distorted from the theory for cases with inhomogeneous broadening on the same order
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or larger as the homogeneous since the inhomogeneous broadening has a Gaussian
shape.
2.7 Dressed-state analysis: an effective two-level system
The susceptibility in a Λ-configuration is inversely proportional to a quadratic
polynomial in terms of the two-photon detuning δ, see Eq. (2.25). Zeros of this
polynomial correspond to the two resonant contributions to the optical coherence as
it has been previously discussed [54]. The two zeros of the denominator are given
by:
δ± = −∆
2
+
i
2
(γab + γcb)± ∆
2
√
1− 2i(γab − γcb)
∆
− (γab − γcb)
2
∆2
+
4Ω2
∆2
. (2.58)
Since were assuming ∆  Ω, γij; we can then approximate the square root by its
Taylor series. Defining the small parameter as x:
x =
2i(γab − γcb)
∆
+
(γab − γcb)2
∆2
− 4|Ω|
2
∆2
, (2.59)
the square root becomes:
√
1− x = 1− 1
2
x− 1
8
x2 − 1
16
x3 − 5
128
x4 − 7
256
x5 − 21
1024
x6
− 33
2048
x7 − 429
32768
x8 − 715
65536
x9 − 2431
262144
x10 + . . . . (2.60)
The reason we keep so many terms is to keep the final expression as exact as possible,
we can later simplify. Let us define two expressions to simplify x:
ξ =
|Ω|2
∆2
, (2.61)
g =
γab − γcb
∆
. (2.62)
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Therefore x is then given by:
x = 2ig + g2 − 4ξ. (2.63)
Only keeping terms in the series that go up to ξ6 and droping terms that go as g2
gives us:
√
1− x ' 1− ig(1− 2ξ + 6ξ2 − 20ξ3 + 70ξ4 − 252ξ5 + 924ξ6 + . . . )
+ 2ξ(1− ξ + 2ξ2 − 5ξ3 + 14ξ4 − 42ξ5 + . . . ). (2.64)
Therefore we can express the two poles as:
δ+ =
|Ω|2
∆
(1− ξ∆∗) + iγcb(1− ξγ∗) + iγabξγ∗, (2.65)
δ− = −∆− |Ω|
2
∆
(1− ξ∆∗) + iγab(1− ξγ∗) + iγcbξγ∗; (2.66)
where in the gas case ∆∗ = γ∗ = 1, we now have different expressions for the two
defined as:
γ∗ =
(
1− 3ξ + 10ξ2 − 35ξ3 + 126ξ4 − 462ξ5 + . . . ) , (2.67)
∆∗ =
(
1− 2ξ + 5ξ2 − 14ξ3 + 42ξ4 + . . . ) . (2.68)
To get higher accuracy all we have to do is to keep expanding the series for γ∗ and
∆∗ to higher multiples of ξ, so all the expressions remain correct as long as these are
calculated to the accuracy needed. Each of these poles correspond to a Lorentzian
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response which can be found using using partial fractions. The amplitude of each
Lorentzian is given by the original amplitude as a function of the poles:
A+ =
A(δ+)
δ+ − δ− , (2.69)
A− =
−A(δ−)
δ+ − δ− , (2.70)
with:
δ+ − δ− = ∆ [1 + 2ξ(1− ξ∆∗)− ig(1− 2ξγ∗)] . (2.71)
To simplify the analysis from here we will break Eq. (2.34) into its two terms χ =
χ1 +χ2 where term 1 is due to the population difference for transition a↔b and term
2 is due to the population difference for transition a↔c:
χ1 =
3Nλ3prγ
ab
r
8pi2
(σbb − σaa)(δ − iγab)
(∆ + δ − iγab)(δ − iγab)− |Ω|2 , (2.72)
χ2 =
3Nλ3prγ
ab
r
8pi2
|Ω|2
∆ + iγac
(σaa − σcc)
(∆ + δ − iγab)(δ − iγab)− |Ω|2 . (2.73)
Each of these two susceptibilities can then be expressed as two Lorentzians each due
to one of the poles of the denominator. In this dressed state basis one term is due
to the original probed transition which we will label the one photon term (1ph) and
the other is due to the two photon resonance (2ph) from b↔c so each term i ∈ {1, 2}
will go as:
χi =
A1phi
δ − δ1phi − iγ1phi
+
A2phi
δ − δ2phi − iγ2phi
; (2.74)
where the 2 photon expression comes from δ+ and the one photon feature from δ−.
Therefore, γ1phi is given by the imaginary part of Eq. (2.66) and δ
1ph
i is given by the
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real part of Eq. (2.66). While γ2phi and δ
2ph
i are derived similarly from Eq. (2.65).
Therefore we have:
δ1phi = −∆−
|Ω|2
∆
(1− ξ∆∗) (2.75)
γ1phi = γab(1− ξγ∗) + γcbξγ∗ (2.76)
δ2phi = −∆−
|Ω|2
∆
(1− ξ∆∗) (2.77)
γ2phi = γab(1− ξγ∗) + γcbξγ∗ (2.78)
For the amplitudes we have to use the numerator of χi as A in Eq. (2.70) to solve
for A1phi and in Eq. (2.69) to find A
2ph
i .
A2ph1 =
3Nλ3prγ
ab
r
8pi2
ξ(σbb − σaa)(1− ξ∆∗ + igξγ∗)
1 + 2ξ(1− ξ∆∗)− ig(1− 2ξγ∗) , (2.79)
A1ph1 =
3Nλ3prγ
ab
r
8pi2
(σbb − σaa)(1 + ξ − ξ2∆∗ − ig(1− ξγ∗)
1 + 2ξ(1− ξ∆∗)− ig(1− 2ξγ∗) , (2.80)
A2ph2 =
3Nλ3prγ
ab
r
8pi2
1
1 + iγac/∆
−ξ(σaa − σcc)
1 + 2ξ(1− ξ∆∗)− ig(1− 2ξγ∗) , (2.81)
A1ph2 =
3Nλ3prγ
ab
r
8pi2
1
1 + iγac/∆
ξ(σaa − σcc)
1 + 2ξ(1− ξ∆∗)− ig(1− 2ξγ∗) . (2.82)
In the limit that ∆  γab, γac,Ω a simple analytic expression is given for both
contributions to the susceptibility:
χ1 =
3Nλ3prγ
ab
r
8pi2
{ 1− ξ
δ −∆(1− ξ)− i[γab(1− ξ) + γcbξ] (2.83)
+
ξ
δ −∆ξ − i[γcb(1− ξ) + γabξ]},
χ2 =
3Nλ3prγ
ab
r
8pi2
{ ξ
δ −∆(1− ξ)− i[γab(1− ξ) + γcbξ] (2.84)
+
−ξ
δ −∆ξ − i[γcb(1− ξ) + γabξ]}.
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In this work ωpr is tuned to the vicinity of two-photon resonance (δ  ∆) therefore
the contribution from the one photon-resonance of system 2 can always be neglected,
while the one photon contribution of system 1 can be neglected when γab/∆1  ξ1.
2.8 Behavior of the system
It has been shown in the previous section that the two photon resonant feature
is equivalent to an effective two level atomic system with the amplitude, frequency,
and width of the transition controlled by the driving field. Furthermore, the electro-
magnetic response of this effective system can be as strong as the resonant response
of an actual two level system. The original probed transition had a susceptibility
amplitude of:
Aoriginal =
3Nλ3pr
8pi2
γabr
γab
. (2.85)
While the amplitude of the two photon effective two level atom is:
A2ph =
3Nλ3pr
8pi2
γabr ξ
γcb(1− ξ)γabξ =
ξγabAoriginal
γcb(1− ξ) + γabξ . (2.86)
It is clear that for the 2-photon feature to be close the same strength as the original
transition we require ξ  γcb/γab. Although, the amplitude will be half of the
original amplitude with ξ = γcb/γab. Therefore, when the low frequency coherence
decays slower than the optical one γab  γcb, the contribution from the two-photon
resonance can be nearly as large as the contribution from the one-photon resonance.
As the amplitude of the 2-photon feature is smaller, it also has a narrower
linewidth, with the effective linewidth given by:
γeff = γcb(1− ξ) + γabξ. (2.87)
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Therefore the effective linewidth of our 2-photon feature can not be made larger than
the original transition linewidth but can be decreased by the choice of ξ. While the
shift from the resonance frequency of the original transition is given by:
ωeff − ωab = ∆ + |Ω|
2
∆
. (2.88)
Therefore our effective two level system has a frequency shifted by the one photon
detuning and the ac-Stark shift, such that by choosing ∆ we have control over the
transition frequency. Together our choice of ξ and ∆ gives us complete control of the
properties of our effective two level system, within the restraints put on these two
values by the physical system.
2.9 Conclusion
We have shown how a far detuned lambda system near two photon resonance acts
as an effective two level atom. The applied control field splits the original resonant
Lorentzian feature (seen by the probe field) into a one photon and two photon feature.
The choice of the control field Rabi frequency and one photon detuning allows us to
control the transition frequency, line width, and amplitude of both of the Lorentzians.
In particular when the control field is strong compared to the original line width and
the low frequency coherence decay rate is much smaller than the original line width,
the two photon feature can approach an amplitude of half of the original transition
amplitude.
We would like to reiterate that using the decaying dressed state basis [54] is
essential to getting the full understanding of our effective two level system. Using the
dressed state basis alone does not incorporate the effect of decoherence and therefore
can lead to errors if used to estimate transition amplitudes and frequencies, and can
not determine the transition line width at all. The results in this section are not
limited to the far-detuned Λ scheme. We will show in Section 4 that an effective
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two level atomic system can also be produced in a far-detuned V scheme. Having a
way to make effective two level atomic systems will be key to our schemes for the
enhancement and manipulation of refractive index at vanishing absorption that will
be discussed in the following sections.
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3. RESONANT ENHANCEMENT OF REFRACTIVE INDEX BY USING TWO
Λ SCHEMES
3.1 Introduction
A mixture of two level atomic species will provide overlapping absorption and
gain if the difference in resonance frequencies is on the scale of the linewidth and
one of the atomic species is inverted. A proper overlap could result in high refractive
index with vanishing absorption for a weak field properly tuned between two atomic
resonances. However the difficulties associated with the practical implementation of
such a combined system (finding proper species, providing for an even mixture, and
providing population inversion for one species while avoiding spatial fluctuations of
density and population exchange, etc.) would hardly be surmountable [21].
We consider here an idea, to use coherent effects in a mixture of different species
to induce strong and overlapping electromagnetic responses to provide high refractive
index with vanishing absorption. The use of a coherent preparation of a medium for
elimination of absorption and index enhancement was pioneered by Scully [19], which
was further generalized in [20] by including the density dependent near dipole-dipole
interactions.
Only recently, a new scheme for coherent control and index enhancement was
suggested [24]. This scheme is based on a resonant four level system involving two
Raman transitions optically pumped into the ground state and driven by two far
off-resonant control fields forming two Λ systems with the same probe field. The
dispersive and absorption characteristics in such a system as functions of two-photon
detuning essentially interchange so that the maximum resonant refractive index is
accompanied by vanishing absorption. Similar to the previous proposals involving
resonant driving the effect was attributed to interference and an index on the order
of 10 for alkali vapors with densities (1017 cm−3) was predicted. Although there was
undesirable gain in the vicinity of vanishing absorption.
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In this work [44], we have studied the physical mechanisms responsible for index
enhancement in the case of far off-resonant driving and its limitations. In the follow-
ing section, a simpler system is considered. It represents itself as a mixture of two
three-level atomic species each driven by a corresponding far-detuned coherent field
at one atomic transition and probed by the same weak field at a adjacent transition
in the vicinity of two-photon resonance. This idea could be implemented in many
different mediums, for example in a gas of two different isotopes of the same species,
in a doped crystal with two different isotopes, or a doped crystal where the dopant
sits at non-equivalent sites in the crystal. We will consider an implementation in gas
where we shown that a proper treatment of collisional broadening implies that any
given mixture has a maximum possible index enhancement. The experimental real-
ization of the proposed system in a cell of Rb atoms with natural abundance (72%
85Rb and 28% 87Rb) is analyzed. The same system was used by a proof of principal
experiment which showed an enhancement of ∆n = 2.2 · 10−7 [46]. An upper limit
due to the dipole-dipole broadening at the high atomic density of the refractive index
enhancement in such a system is estimated as ∆n ' 10−1.
3.2 Mixture of two coherently driven atomic systems
We consider a mixture of two atomic species with the density of atoms for each
species Ns1 and Ns2 being free parameters. Each of them is represented as a three-
level system, labeled by si ∈ {s1, s2}, with one excited state and two ground state
sub-levels labeled |ai〉, |bi〉 and |ci〉, correspondingly (see Fig. 3.1). The system,
driven by a pair of coherent fields with frequencies ωsi and Rabi frequencies Ωsi, is
probed by a weak field with frequency ωpr and Rabi frequency αsi. The driving field
Rabi frequencies Ωsi = d
ac
si Esi/(2h¯) are defined by the applied electric field Ec and
the dipole moment of the a↔c transition dacsi . The Rabi frequencies of the probe
field αsi = d
ab
si Epr/(2h¯) in each system may be different because the dipole moment
of the probed transition a↔b in s1-system can be different from the dipole moment
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Fig. 3.1. Mixture of two three-level Λ systems. The initially popu-
lated level is indicated by the dot.
of the probed transition in s2-system. All-fields are far off-resonance with atomic
transitions so that one-photon contributions are negligible, implying ∆si >> Ωsi. The
frequencies of the fields are chosen in such a way that they result in one two-photon
transition in each three-level system involving one photon from the probe field and
one photon from the corresponding driving field. So each three-level system forms a
Λ scheme with the same probe and corresponding driving field (see Fig. 3.1). Each
three-level system is initially prepared in one of the two ground state sublevels via
optical pumping as indicated in Fig. 3.1. So the first scheme exhibits two-photon
absorption for the probe field while the second scheme provides two-photon gain, as
discussed in Section 2.
The index of refraction and absorption coefficient can be found if the complex
susceptibility is known. In our system the total complex susceptibility is equal to the
sum of individual contributions from each of the three-level systems. The complex
susceptibility itself can be calculated if the optical coherence excited by a weak probe
field is known:
χsi =
3
8pi2
γsir Nsiλ
3
pr
σsiab
αsi
, (3.1)
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where γsir is the radiative decay rate of the probed transition, λpr is the wavelength
of the probe, and σsiab is the coherence of the probed transition.
The slowly varying amplitude of the optical coherence induced by a weak probe
field αsi << Ωsi, γ
si
ab was calculated in Section 2 and is found to be:
σs1ab =
(δs1 − iγs1cb)αs1
(δs1 + ∆s1 − iγs1ab) (δs1 − iγs1cb)− |Ωs1|2
, (3.2)
for s1-system presented in Fig. 3.1 (left), while for s2-system presented in Fig. 3.1
(right) it is found to be:
σs2ab = −
|Ωs2|2 (∆s2 + iγs2ac)−1 αs2
(δs2 + ∆s2 − iγs2ab) (δs2 − iγs2cb)− |Ωs2|2
. (3.3)
In these equations, we introduced the following parameters for si-system: ∆si =
ωsiab − ωsicb − ωsi and δsi = ωsi + ωsicb − ωpr are the one- and the two-photon detunings
for si-drive field, respectively. Finally, we can write down the expression for complex
susceptibility of the system:
χ (ωpr) =
3λ3pr
8pi2
Ns1γ
s1
r (δs1 − iγs1cb)
(δs1 + ∆s1 − iγs1ab) (δs1 − iγs1cb)− |Ωs1|2
− 3λ
3
pr
8pi2
Ns2γ
s2
r |Ωs2|2 (∆s2 + iγs2ac)−1
(δs2 + ∆s2 − iγs2ab) (δs2 − iγs2cb)− |Ωs2|2
. (3.4)
In the following sections, individual contributions are discussed and physical insights
are given.
3.3 Combining effective two-level absorption and gain
The slowly varying amplitude of the optical coherence induced by a weak probe
field in a Λ-configuration is inversely proportional to a quadratic polynomial in terms
of the two-photon detuning δsi. Zeros of this polynomial correspond to the two main
contributions to the optical coherence as has been previously discussed in [54]. For
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the case of a far-detuned driving field, ∆si  Ωsi, γsiab, γsicb, these resonance contribu-
tions are far-detuned as well and associated with one- and two-photon resonances.
As shown in Section 2, this is clearly seen for s1 after expanding Eq. (3.2) in terms
of the first order of the small parameter ξs1 = |Ωs1|2/∆2s1:
σs1ab =
αs1(1− ξs1)
δs1 −∆s1(1− ξs1)− i[γs1ab(1− ξs1) + γs1cbξs1]
+
αs1ξs1
δs1 −∆s1ξs1 − i[γs1cb (1− ξs1) + γs1abξs1]
. (3.5)
If ∆s2  γs2ac as well, a similar expression can be found for s2 with the exception that
the two photon amplitude is now negative and therefore provides gain due to the
population in level |c2〉; while the one photon amplitude is different since the feature
would no longer be present in the absence of a control field:
σs2ab =
αs2ξs2
δs2 −∆s2(1− ξs2)− i[γs2ab(1− ξs2) + γs2cbξs1]
+
−αs2ξs2
δs2 −∆s2ξs2 − i[γs2cb (1− ξs2) + γs2abξs2]
. (3.6)
Furthermore, our probe field ωpr is tuned to the vicinity of two-photon resonance
(δsi  ∆si) therefore the contribution from the one photon-resonance of the second
system can always be neglected, while the one photon contribution of the first system
can be neglected when γs1ab/∆s1  ξs1. Thus the total susceptibility of the probe field
is given by:
χ =
3Ns1λ
3
prγ
s1
r
8pi2
ξs1
δs1 −∆s1ξs1 − i[γs1cb (1− ξs1) + γs1abξs1]
+
3Ns2λ
3
prγ
s2
r
8pi2
−ξs2
δs2 −∆s2ξs2 − i[γs2cb (1− ξs2) + γs2abξs2]
, (3.7)
where γsir is the radiative decay rate of the a↔b for each transition.
When the low frequency coherence decays slower than the optical one γsiab  γsicb,
the contribution from the two-photon resonance can be nearly as large as the con-
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Fig. 3.2. An equivalent representation of a mixture of two three-level
sub-system driven by coherent off-resonant fields.
tribution from the one-photon resonance. This would simply require ξsi ≥ γsicb/γsiab.
Hence, both of our three level schemes behave as effective two level schemes with
susceptibilities on the same order as the ones for the original transition. The presence
of the drive fields allow for the control of the strength, width, and position of the
resonances. This, in turn, leads to the manipulation of the atomic responses of the
individual systems (see Fig. 3.2). We will use this flexibility combined with appro-
priate mixing of the species to obtain enhanced refractive index without absorption.
At first, we take an approach similar to [24]. It is based on the absorption and
amplification resonances having the same magnitude, width and being separated by
the full width at half maximum (FWHM). This arrangement results in the absorption
being compensated by nearby gain. Furthermore, at the point of no absorption the
maximum(minimum) of the real part of the complex susceptibility associated with
the absorption resonance adds up with the maximum(minimum) of the real part of
the complex susceptibility associated with the gain resonance. We demonstrate this
(see Fig. 3.3) by calculating the atomic response from a mixture of two three-level
sub-systems in the case of ξsi ≈ γsicb/γsiab. Numerical values of the parameters used
are listed in the caption to the figure. Although this arrangement provides a high
value of refractive index with no absorption, the disadvantage of such an approach
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Fig. 3.3. Combined real (solid) and imaginary (dashed) parts of
the susceptibility from two three-level systems. Where the x-axis is
normalized to γs1ab = γ
s2
ab = γab, and the y-axis is normalized to η =
3Ns1λ
3
prγ
s1
r /(8pi
2) = 3Ns2λ
3
prγ
s2
r /(8pi
2) = 1. With Ωs1 = Ωs2 = 2γab,
∆s1 = ∆s2 = 20γab, and γ
s1
cb = γ
s2
cb = 0.016γab. Resonances have equal
strength and width, but are shifted by FWHM. Obtained maximum
at zero absorption is 0.5η.
can easily be seen in Fig. 3.3. Namely, non-compensated gain is present in close
proximity to the point of enhanced refractive index.
In order to avoid undesirable gain in the system, we suggest an alternative to the
previously outlined approach. This is done at the expense of a reduced enhancement
of the refractive index. In this approach a narrower amplification resonance is su-
perimposed on top of a broader absorption resonance. The amplification resonance
is positioned at the maximum of the real part of the complex susceptibility associ-
ated with the absorption resonance. The magnitude of the amplification resonance
is chosen to compensate present absorption in the narrow region without providing
gain. For such an arrangement, the amplification resonance provides no contribu-
tion to the refractive index enhancement at the point of no absorption. In order
to demonstrate the approach, we present the atomic response of the mixture of two
three-level systems in Fig. 3.4.
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Fig. 3.4. Combined real (solid) and imaginary (dashed) parts of the
susceptibility from two three-level systems. With Ωs1 = 4γab and
Ωs2 = 1.5γab, and all other parameters the same as in Fig. 3.3. Am-
plification is weaker and narrower than absorption. The relative shift
is adjusted to get zero absorption and no gain. Obtained maximum
at zero absorption is 0.33η.
The main limitation for our effective 2 level transition is to have as high a suscep-
tibility as the original transition, is the need for a strong control field Rabi frequency
|Ωsi|2 > ∆2siγsicb/γsiab. Therefore we need as small hyperfine decoherence as possible
γsicb  γsiab in order to limit the needed intensity of the driving fields. At the same
time we do not want to increase γsiab since this would lower the achievable refractive
index, so in Section 3.4 we will study γsiab in hot gas, while in Section 3.5 we will
study the behavior of γsicb in gas.
3.4 Refractive index dependence on the optical linewidth
Electromagnetic response of an atomic system can be increased by improving the
γsir /γab ratio and by having more atoms per cubic wavelength Nsiλ
3
pr. The last ap-
proach seems to be the easiest but it leads to a decrease of aforementioned ratio due to
atomic interaction in dense media. Large estimates for achievable refractive indexes
in previous works were due to not considering the effect of increasing density on the
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ratio γsir /γab. Past estimates and experiments [23, 46] have been done in hot gas, so
in this section we will consider implementation in a gas of two different species, while
in Section 4 we will consider an implementation in solids. The main homogeneous
broadening mechanism in gases is collisional broadening; according to Lewis [61], the
collisional contribution to the linewidth is proportional to concentration N, namely
the HWHM is:
Γsicoll ' fsicreλprN
√
gsig /g
si
e , (3.8)
with gsig and g
si
e to be the degeneracies of the ground and excited states, respectively;
re is the classical radius of the electron, and fsi is the oscillator strength of the
transition. This broadening comes from resonant dipole-dipole interaction between
induced optical dipoles. Where in Eq. (3.8) we have used the total population N =
Ns1 + Ns2, since isotopes of the same atom are identical with regard to collisions.
For example take the 85Rb D1 line, Eq. (3.8) gives Γcoll = .365 · 10−13MHz · cm3 ·N
and [62] measured the self broadening as Γcoll = .375(±.12) · 10−13MHz · cm3 ·N. For
high gas densities there are also collision induced frequency shifts [63] that we will
not consider since they will not have much of an effect on our theory.
In a hot gas cell the density will be determined by the temperature of the cell,
so both the inhomogeneous Doppler broadening and the homogeneous collisional
broadening are dependent on the density. The Doppler contribution is given by the
half width at half maximum (HWHM) of the Maxwell distribution for each species,
ΓsiD =
√
2kT ln(2)
msic2
ω0; (3.9)
where k is Boltzmann’s constant, T is the absolute temperature of the gas, msi is the
mass of the atomic species, c is the speed of light, and ω0 = 2pic/λpr is the transition
frequency.
Since we want a large resonant refractive index we are interested in high gas
densities, where the susceptibility has saturated due to collisional broadening be-
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Fig. 3.5. The peak real part of the susceptibility for the D2 line of
85Rb as a function of absolute temperature.
coming much larger than the other broadening mechanisms. The susceptibility of
the effective two level system will always be constrained by the original two level
susceptibility of the a↔b transition given by:
χsimax =
3
8pi2
Nsiλ
3
prγ
si
r
.5γsir + Γ
si
D + Γ
si
coll
. (3.10)
Since the linewidth and total atomic response grow linearly with concentration which
leads to a saturated value of the maximum susceptibility at high density.
Consider the D2 line of 85Rb with Γcoll = .515 · 10−13cm3MHz ·N, when the col-
lisional broadening becomes much larger than the other broadening terms the two
level susceptibility saturates at 750K or a density of N≈ 6 · 1017cm−3 (see Fig. 3.5).
This leads to a maximum real part of the resonant susceptibility of .885 or a re-
fractive index of 1.37. Therefore there is no way to enhance the refractive index of
Rubidium past ∆n = 4 · 10−1.
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3.5 Ratio of hyperfine decoherence to optical decoherence rate
At low densities the main contribution to the hyperfine decoherence will be due
to time of flight in our control beams, since as atoms leave the interaction region we
are losing coherence. This decoherence can be described as [64]:
ΓsiTF =
√
2ln(2)
2pid
√
2kT
m
, (3.11)
where d is the 1/e diameter of the beam. While at high densities the main con-
tribution to the hyperfine broadening is the decay of hyperfine population due to
spin-exchange collisions between two atoms. This self broadening, like collisional
broadening is linearly proportional to the density. For example for 85Rb we can
estimate the decoherence as Γsisb = 2pi · 2.83 · 10−16N MHz [65].
The time of flight decoherence can be decreased by including a neutral buffer
gas. Then as our atomic species is leaving the beam area it will repeatedly collide
with the buffer gas atoms leading to a longer path length in the beam. With the
background gas the time of flight decoherence will be given by [61]:
ΓsiTF, BG =
(
4.81
d
)2
D0
P0
PBG
, (3.12)
where D0 is the diffusion coefficient measured at a reference pressure of P0, and PBG
is the buffer gas. The buffer gas will also broaden both transitions due to collisional
broadening, while even at high buffer pressures, collisions with the buffer gas will
only have a negligible effect on γsicb, but will have a noticeable addition to the optical
decoherence rate that scales linearly with buffer gas pressure. At high buffer gas
pressures this effect can significantly reduce the maximum susceptibility possible.
For example consider the Rb D2 line, we can express the buffer gas contribution
to the collisional decoherence is ΓsiBG = 2pi · 4.735MHz ·PBG [66]. D0 = .21cm2/s [67]
at P0 = 760Torr, giving for d = 1mm, Γ
si
TF,BG = 2pi · .369MHz ·Torr/PBG. For this
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Fig. 3.6. The ratio of hyperfine to optical decoherence rates plotted
as a function of temperature for the case where there is no buffer gas
(solid), with a Neon buffer gas at 10Torr (dashed), and at 300Torr
(dot-dashed).
Fig. 3.7. The maximum real part of the 2 level susceptibility for Rb
D2 line plotted as a function of the buffer gas pressure. Plotted at a
temperature of 550K.
case the effect of the buffer gas on the decoherence ratio is shown in Fig. 3.6. For
maximum refractive index enhancement it is better to use a low pressure buffer gas
as can be seen in Fig. 3.7.
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3.6 Implementation in gas
Alkali metals such as Sodium, Rubidium, Potassium have been good test systems
for demonstrating many coherent effects. To demonstrate refractive index enhance-
ment, one needs to find two transitions with frequency differences for the one-photon
and two-photon transitions in the GHz range. This is possible if a mixture of isotopes
is considered. However only Rubidium has a comparable ratio of naturally occurring
isotopes (28% of 87Rb and 72% of 85Rb) and large enough hyperfine splitting. Thus
let us consider as a physical example a naturally occurring mixture of Rb vapors.
Rb atoms have two suitable transitions called D1 at 794.8nm and D2 at 780.2nm.
The D1 and D2 transitions have common ground levels and differ in the excited
state. The excited level structure for the D1 and D2 transitions has a separation
less than 0.8GHz thus for one-photon detunings much larger than this separation
the value of effective far-detuned dipole moment can be used. Numerical values for
pi-polarized light are 1.727ea0 and 2.44ea0 for D1 and D2 transitions correspondingly.
A stronger dipole moment guaranties a stronger atomic response and therefore lager
susceptibilities. A stronger dipole moment also implies a lower intensity requirement
for the control fields to reach the needed Rabi frequency. Therefore the D2 transition
seems to be the optimal choice from all the accounts. The natural linewidth of
the Rb D2 absorption line is 2pi · 6.067 MHz, although the radiative decay rate is
2pi · 5.12MHz.
In order to implement refractive index enhancement with vanishing absorption
while maintaining no nearby regions of gain in a Rb gas it is necessary to imple-
ment system 1 in 85Rb and system 2 in 87Rb. Since at natural abundance the
density of 85Rb is nearly three times larger than 87Rb and we need the effective
absorption transition to be stronger than the effective gain transition. This choice
also determines the one photon detuning for system 1 since if we want the same
probe field to address both transitions then the difference in transition frequencies
ωab(
87Rb)−ωab(85Rb) = 2pi · .39GHz determines the difference in one photon detun-
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ings. The ground state of Rb has 2 hyperfine levels separated by 2pi · 3.036GHz and
2pi · 6.835GHz for 85 and 87 isotope respectively. We assume that the probe field is
applied to the lower of the two hyperfine levels and the control fields to the upper.
First it tells us that we need ∆ > 2pi · 7GHz in order to avoid one photon resonance,
therefore we will take ∆s2 = 2pi · 10GHz, implying ∆s1 = 2pi · 10.385GHz.
Except for the transition frequencies all other properties of interest for 85Rb and
87Rb including the dipole moments and the decoherence rates are essentially the
same, when the slight mass difference is neglected. The decoherence rate of the opti-
cal transition has four contributions: γsiab = .5γ
si
r + Γ
si
coll + Γ
si
D + Γ
si
BG. The population
decay rate is fairly unaffected by density and is given by γsir = 2pi · 6MHz. As dis-
cussed in section 3.4, we can take the ideal density for Rb to be N = 6 · 1017cm−3;
unfortunately, at this density γsiab = γ
si
ac = 197GHz which violates our condition to
avoid the one photon absorption of ∆  γsiab, γsiac, since having such a large one
photon detuning would lead to a unachievable Rabi frequency.
Say for our control fields we are limited to focusing a 100mW beam into a di-
ameter of 1mm, this would give us Rabi frequencies of 2pi · 150MHz, so we take
Ω1 = 2pi · 150MHz and Ω2 = 2pi · 135MHz. Implying the max control field ratio ξ we
can achieve is 2.25 · 10−4. The decoherence ratio is equal to this ξ at a temperature
of T = 450K, or a density of N = 3.3 · 1014cm−3 so at natural abundance we have
Ns1 = .72N and Ns2 = .28N. For a fixed ξ, a smaller buffer gas pressure is better so we
will take PBG = 10Torr. This buffer gas will add 2pi · 47MHz to the optical decoher-
ence, and the time of flight broadening is Γsihyp,BG = 2pi · 37kHz. At this density the
hyperfine self broadening is Γsihf,self = 2pi · 93kHz, so γsicb = 2pi · 130kHz. The collisional
broadening is Γsicoll = 2pi · 17MHz, and the Doppler broadening is ΓsiD = 2pi · 315MHz,
therefore γsiab = 2pi · 382MHz.
With these values for the detunings and Rabi frequencies the susceptibility is
plotted in Fig. 3.8. There is a particular frequency where we have vanishing absorp-
tion and a significant resonant susceptibility Reχ = .0095. At the same time we have
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Fig. 3.8. The real (solid) and imaginary (dashed) part of the suscep-
tibility as a function of the detuning, plotted for the scheme without
gain and with Ω1 = 2pi · 150MHz as described in the text.
no regions of nearby gain so that the probe field will remain stable at that frequency.
Therefore in a hot Rb gas we have a maximum refractive index enhancement of
∆n ≈ 4.7 · 10−3.
When it is possible to use strong control fields we can achieve the maximum
possible susceptibility increase. Consider focusing a 10W beam into a 1mm diameter,
then the Rabi frequencies are Ω1 = Ω2 = 2pi · 1.5GHz. This allows us to use larger one
photon detunings to ∆1 = 2pi · 20GHz, ∆2 = 2pi · 20.27GHz. Which gives ξ = .0055,
allowing for a higher ratio of γab/γcb. Taking T = 600K, gives us N = 4 · 1016cm−3
which leads to γsiab = 2pi · 4.667GHz and γsicb = 2pi · 71MHz. Then the change in index
is ∆n = .18 as shown in Fig. 3.9.
3.7 Experimental realization
A proof of principal experiment to demonstrate resonant enhancement of refrac-
tive index in hot Rb gas was performed by Yavuz [46]. He implements the same two
lambda systems in 85Rb and 87Rb at natural abundance using the D2 line and a 10
Torr Neon buffer gas as described in the previous section. It demonstrated that a
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Fig. 3.9. The real (solid) and imaginary (dashed) part of the sus-
ceptibility as a function of the detuning, plotted for the scheme with
Ω1 = Ω2 = 2pi · 1.5GHz as described in the text.
Fig. 3.10. The expected refractive index enhancement for experi-
ment described in [46] plotted as a function of two photon detuning,
using the experimental numbers as reported in the text.
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probe field can interact with both of the lambda systems, and that the two suscep-
tibilities straight forwardly superimpose. At a temperature of 363K the Rb density
of N = 2.4 · 1012cm−3 the optical broadening should be γsiab = 2pi · 334MHz and the
hyperfine broadening should be γsicb = 2pi · 16kHz.
The laser power is given as a 100mW focused in a 2.4 diameter spot size, im-
plying that Ωsi < 2pi · 63MHz. Based on the experimental results of both the
gain and absorption being roughly equal in height and width with a two photon
HWHM of 125kHz we can assume that Ωs1 = 2pi · 34MHz and Ωs2 = 2pi · 58MHz.
The control fields in the experiment are taken such that ∆s1 = 2pi · 15.6GHz and
∆s2 = 2pi · 16GHz. With an applied pump field intensity of 1.77W/cm2, numerical
simulations show that for a pump field with a bandwidth of about 500MHz the pop-
ulation difference for both systems would be close to 1 as needed, with the worst
being system 2 with σs2cc − σs2aa = .93.
The theoretical curve for the resonant refractive index with these parameters is
plotted in Fig. 3.10. The theory predicts a change in index of ∆n = 1.7 · 10−5. The
theory also shows that there is a background index due to the one photon feature of
n = 1 + 4 · 10−6, since ξs1 < γs1cb/γs1ab, that would not of been directly observed in the
experiment.
The reported refractive index change of ∆n = 2 · 10−7 is two orders of magnitude
less than what was possible in the experiment [46] due to issues with the cross
pumping of the 87Rb and 85Rb populations. As explained in [46], this could be due
to the frequency width of the pump fields being larger than the separation between
the hyperfine level of 87Rb and 85Rb which would reduce the population difference
between levels |ci〉 and |bi〉 and thus significantly reduce the RI enhancement.
3.8 Conclusion
We have given a simple model for how to implement refractive index enhance-
ment without absorption while avoiding any nearby regions of gain. This is done by
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implementing a far detuned Λ system in two different atomic isotopes mixed in a
hot gas. Engineering a larger width for the absorptive resonance allows one to elim-
inate any amplification region in the vicinity of the enhanced index and vanishing
absorption.
We have shown that with reasonable beam intensities this scheme can be imple-
mented in 85Rb and 87Rb at natural abundance for refractive index enhancement
on the order of ∆n ' 5 · 10−3. Potentially higher resonant refractive indexes with
vanishing absorption could be obtained with much stronger beam intensities or in
solids.
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4. REFRACTIVE INDEX ENHANCEMENT IN MEDIUMS THAT
EXPERIENCE EXCITED STATE ABSORPTION
4.1 Introduction
In this section we suggest using excited state absorption (ESA) as a natural
implementation of a combination of two two-level transitions (one inverted and one
non inverted) [45]. In other words, we consider a ladder scheme with respect to
the probe field with the populated intermediate level. So one transition produces
gain and the other produces absorption. The tuning of the parameters of one of the
transitions is provided by applying a coherent driving field at a adjacent transition. If
the absorbing transition is controlled it makes a far-detuned Λ scheme (see Fig. 4.5)
and when the gain transition is controlled it forms a far-detuned V system together
with this lower transition (see Fig. 4.1(b)). So unlike a combination of two two-level
systems, the transition frequencies can be separated by more than a line width. We
show that this system leads to high refractive index without absorption for a properly
tuned probe field in the absence of any amplification region.
4.2 Ladder system with populated intermediate level
We consider a three-level ladder system with allowed transitions a↔b and b↔c
which have similar but slightly different frequencies. The same probe field is si-
multaneously applied to both transitions, see Fig. 4.1(a). The intermediate level
is to be populated by incoherent pumping through an auxiliary level (not shown in
Fig. 4.1(a)). So that a↔b is an amplifying while b↔c is an absorbing transition. The
probe field is considered to be too weak to redistribute energy level populations. We
can solve for the susceptibility of the ladder system using the density matrix formal-
ism, taking the rotating wave approximation, and assuming a steady state where the
normalized the population of each level is fixed; the solution is given by Eq. (4.1).
53
(a) (b)
Fig. 4.1. (a) Energy level diagram for the three level ladder scheme
where the population is fixed in an intermediate state that experi-
ences ESA. (b) Energy level diagram for a four level system where
a control field has been applied to an empty transition forming a V
system together with lower transition.
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Fig. 4.2. The real (solid line) and imaginary (the dashed line) parts
of the susceptibility are normalized to the resonant value of χ′′cb =
3Nλ3prlγ
cb
r /(8pi
2γcb) = 1, as functions of the detuning, δ1/γcb. With
γcb = γba and γ
cb
r = γ
ba
r .
The total susceptibility of the system represents itself as a sum of susceptibilities
originating from b↔c and a↔b transitions accordingly,
χ =
3Nλ3prl
8pi2
{
γbar (σaa − σbb)
δ1 − iγba +
γcbr (σbb − σcc)
δ2 − iγcb
}
; (4.1)
where λpr is the wavelength of the probe field, γij is the decoherence rate at half width
half maximum (HWHM) linewidth between level |i〉 and |j〉, γijr are the radiative decay
rates between level |i〉 and |j〉, N is the number of ions/cm3, l = (2 + n2bg)/3 is the
local field correction factor discussed in Section 2.5, and δ1, δ2 are the one photon
detunings of the probe field as shown in Fig. 4.1(a). We can plot these in terms
of the detuning of the upper system, δ2 = ωcb − ωpr. Because both transitions are
probed by the same field the upper detuning is not independent of the lower detuning,
δ1 = δ2 − ωcb + ωba. Now we can take the susceptibility in terms of its Cartesian
components χ = χ′ − iχ′′, our goal is to maximize χ′ while requiring χ′′ = 0.
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Fig. 4.3. The real (solid line) and imaginary (the dashed line) parts
of the susceptibility are normalized to the resonant value of χ′′cb =
3Nλ3prlγ
cb
r /(8pi
2γcb) = 1, as functions of the detuning, δ1/γcb. With
γcb = 2γba and γ
cb
r = 4γ
ba
r .
If transition a↔b and b↔c have similar decay rates and decoherence rates and
the population is fixed in the intermediate state, σbb = 1, the maximum real part
of susceptibility is achieved when the probe field is tuned to the middle of c↔a
transition and the frequency separation between a↔b and b↔c transitions is twice
the linewidth. The real and imaginary parts of the susceptibility for this case are
plotted as a function of δ2 in Fig. 4.2. There is a problem with this system though,
near to the frequency of the probe field corresponding to the maximum refractive
index with vanishing absorption lies a region of gain. It means that high refractive
index can not be practically realized in this system due to super fluorescent depletion
of an intermediate level.
To get rid of regions of gain we need the absorption due to transition b↔c to
be larger, i.e. taking γcbr /γcb > γ
ba
r /γba, as well as being wider in frequency, i.e.
γcb > γba. Tuning the peak of the gain to the side of the absorption profile one
can compensate absorption, keeping resonant enhancement of the refractive index
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at the absorbing transition in the absence of any gain regions as shown in Fig. 4.3.
Maximum RI at vanishing absorption in the absence of regions of gain is achieved
when maximum gain compensates the absorption, with the detuning between ampli-
fying resonance and absorbing resonances equal to a half line width of the absorbing
transition, i.e. γbar /γba = 2γ
cb
r /γcb at ωcb − ωba = γcb/2. This maximum of χ′
is equal to the maximum susceptibility of the absorbing two-level medium b↔c,
χ′ = (3/16pi2)Nλ3prlγ
cb
r /γcb (as seen in Fig. 4.3).
It is worthwhile to note that the frequencies of the amplifying and ESA transitions
can be changed by electric or magnetic fields via Stark or Zeeman effects or by
composition, allowing for proper tuning of an amplifying resonance to the maximum
of the refractive index at the ESA transition. The amplitudes of the ESA and
the amplification resonances can be properly matched by choosing the incoherent
pumping to appropriately modify the population differences of the corresponding
transitions. Much more efficient control of the refractive index may be provided via
coherent control of ESA as it is shown in Section 4.3.
4.3 Control of refractive index via coherent driving of the adjacent transition
The previously discussed ladder system is restrictive in the sense we need ωcb−ωba
to have a specific value, as well as having restrictions on decay and decoherence rates
to prevent regions of gain. We need a way to control the response of at least one
of the two level transitions in order to provide a flexible tuning of the system to
the optimal regime. Using coherent control we can manipulate the amplitude and
frequency of the transitions. If γcbr > γ
ba
r and γcb > γba than it is appropriate to use
a strong control field to make a far detuned lambda scheme using the ESA transition
as discussed in Section 4.7. Here we will consider the case when the two transitions
are of similar strength γrcb ≤ γrba since we want the absorption provided by the ESA
transition to be stronger and wider than the gain provided by the lower system; while
our far detuned two photon response will be narrower and weaker than the original
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transition. Therefore we add to the ladder system an auxiliary level |d〉 coupled to
the ground state |a〉 by a coherent driving field and forming together a V system (see
the Fig. 4.1(b)). This coherent driving allows for efficient control of the properties
of the gain resonance and hence the refractive index of the total system.
We start with the steady state density matrix equations for the four level sys-
tem, using the dipole approximation as well as the rotating wave approximation and
assuming the probe field is much weaker than the control field similar to what was
done in Section 2, we obtain:
0 = δ2σcb − iγcbσcb + α2(σcc − σbb), (4.2)
0 = (δ1 + ∆)σba − iγbaσba + α1(σbb − σaa) + Ωσbd, (4.3)
0 = δ1σbd − iγbdσbd + Ωσba − α1σad, (4.4)
0 = ∆σda − iγdaσda − Ω(σaa − σdd), (4.5)
Solving these equations gives us the two coherences probed:
σcb =
α2(σbb − σcc)
δ2 − iγcb , (4.6)
σba =
−α1(σbb − σaa)(δ1 − iγbd)
(∆ + δ1 − iγba)(δ1 − iγbd)− Ω2
+
−αΩ2(σaa − σdd)
(∆ + iγbb)[(∆ + δ1 − iγba)(δ1 − iγbd)− Ω2] ; (4.7)
where Ω is the Rabi frequency of the control field, and the detuning of the control
field is given by ∆ = ωda − ωdr. The one photon detuning of the lower transition
is ∆ + δ1 = ωba − ωpr, such that δ1 is the two photon detuning. The one photon
detuning of the upper transition is given by δ2 = ωcb − ωpr. Since the same probe
field is probing both transitions, δ1 and δ2 are not independent, they are related by
δ2 = δ1 + ωcb − ωba + ∆. Although the Eq. (4.6) and Eq. (4.7) were obtained for
homogeneously broadened transitions, they remain approximately valid for inhomo-
geneously broadened transitions (with γij denoting the total linewidth as discussed
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in Section 2.6) when ∆ greatly exceeds the inhomogeneous broadening. The total
susceptibility for the system is given in terms of Eq. (4.6) and Eq. (4.7) as:
χ =
3Nλ3prlγ
ab
r
8pi2
σab
α1
+
3Nλ3prlγ
cb
r
8pi2
σcb
α2
(4.8)
The influence of coherent driving on realization of resonant index enhancement
is the most beneficial when the two-photon coherence, σbd decays much slower than
polarization at the ESA transition: γdb  γcb. This condition is typically fulfilled if
adjacent level |d〉 has the same parity as level |b〉. One concern with the far-detuned
V system is the system still has gain at the original transition, which can cause
depopulation. This is not a problem in the Λ scheme.
4.4 Dressed-state analysis: an effective two-level system
As discussed in Section 4.3, the susceptibility in a V-configuration is inversely
proportional to a quadratic polynomial in terms of the two-photon detuning with ze-
ros of this polynomial corresponding to the two resonant contributions to the optical
coherence. For the b↔a transition, we need to solve for the zeros of the polynomial:
0 = (δ1 − iγdb)(∆ + δ1 − iγba)− Ω2. (4.9)
If we assume ∆ Ω, γbd, γba, γda; we can expand Eq. (4.7) into its two components:
σba =
ξ
1 + 2ξ
−α1σbb
δ1 −∆ξ(1− ξ)− iγbd(1− ξ)− iγbaξ
+
1 + ξ
1 + 2ξ
−α1(σbb − σaa)
δ1 + ∆(1 + ξ − ξ2)− iγba(1− ξ)− iγbdξ . (4.10)
In this work ωpr is tuned to the vicinity of two-photon resonance (δ2  ∆) therefore
the one photon contribution, the second term in Eq. (4.10), can be neglected when
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γba/∆  ξ. We then have the resonant susceptibility given by the superposition of
the upper two level absorption and the lower effective two level gain:
χpr =
3Nλ3prl
8pi2
[
γcbr
δ2 − iγcb −
γbar σbbξ/(1 + 2ξ)
δ1 −∆ξ(1− ξ)− iγbd(1− ξ)− iγbaξ
]
. (4.11)
4.5 Implementation in transition doped crystals
A ladder scheme with intermediate populated level can be naturally realized
in transition element doped crystals with excited state absorption. Such crystals
were widely studied for the production of solid state-lasers or amplifiers in a wide
range of frequencies from IR to VUV. The typical problem preventing lasing in
many otherwise promising crystals was the re-absorption of the emitted radiation
or the pumping field from an excited metastable laser level to the higher laying
energy levels. If the ESA cross-section exceeds the cross-section of the emitting
transition, lasing/amplification becomes completely impossible. For example, ESA of
emitted radiation made lasing impossible in V3+:LiAlO2, LiGaO 2 (at 1400-1800nm)
[68], Cr4+:LiAlO2, LiGaO2 (at 1200-1600nm) [69], Ni
2+:MgAl2O4 (at 1100-1300nm)
[70], Nd3+:Y2O3 (at 1330nm) [71], Ce
3+:YAG (at 500nm-600nm) [72], Pr3+:YAG (at
488nm) [73], Pr3+:LiLuF4 (at 255nm) [74] and in many other crystals. In many
transition element doped crystals an operating transition is chosen to be a parity
forbidden intraconfigurational 4fn-4fn transition. It is easy to produce a population
inversion at such a transition since the upper state is metastable. At the same time
ESA often occurs at the parity allowed intraconfigurational 4fn-15d-4fn transition.
For this reason the ESA cross-section is similar to the cross-section at the emitting
transition. Thus such systems are potentially promising for realization of resonant
enhancement of refractive index with vanishing absorption in a ladder configuration
with excited intermediate state.
Transition element doped crystals are perfect for implementation of our scheme
because many have transitions with excited state absorption, and unlike gases, high
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densities can be achieved without directly increasing the linewidth. Crystals typically
have densities as high as 1023atoms/cm3, and the amount of doping can be between
.001% and 10%, so densities will be between 1018cm−3 and 1022cm−3.
With these benefits there are of course also drawbacks. The reason that there is
frequently ESA is that nearly every transition in the dopant is allowed due to the
admixture of the crystal field with the energy levels, but this also means that the
transition dipole moments are weaker than they would be in the free atom. Therefore,
oscillator strengths in transition element doped crystals tend to vary from 10−6 to
10−8.
The other drawback is that there is always strong inhomogeneous broadening.
Since the atoms are held in place by the crystal structure, this is not due to Doppler
broadening as it is in gases, rather it is due to disturbances of the crystal field
such that each dopant sees a different local environment and therefore has a slightly
different transition frequency. Any impurities in the crystal or different isotopes of
the constituent atoms will disturb the local environment of the crystal, and this can
only be fixed by limiting unwanted impurities and/or by growing crystals from single
isotopes [75]. The dopants themselves also disturb the crystal field, as their density
increases there can be distortions of the crystal structure, and there will be slight
variations of the crystal field each dopant sees based on the random distribution of
dopants. This can be reduced by taking low dopings, although that will in turn
reduce our RI change. A better option is to choose a dopant where the atomic size
closely matches the atom it replaces in the crystal such as Erbium replacing Yttrium,
which reduces the strain induced in the crystal with higher doping.
Another major issue with linewidths in transition element doped crystal is that
at room temperature the creation of phonons will broaden the transitions by several
orders of magnitude. Therefore in order to minimize the linewidth it is necessary
to work at low temperature (typically lower than 70K) when phonon broadening is
small as compared to inhomogeneous broadening.
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Let us estimate the maximum value of RI with zero absorption which could be
reached in a transition element doped crystal. As it was shown above the maximum
RI with zero absorption is defined by the maximum value of the real part of the RI
in the ESA transition:
χ′max =
3Nλ3prl
16pi2
γr
γ
, (4.12)
where γr is the radiative decay rate and γ is the total HWHM linewidth. We need to
make an estimate for γr/γ, for forbidden intraconfigurational 4f
n-4fn transition the
radiative linewidth is of an order of 10Hz-100kHz and the typically inhomogeneous
broadening is of an order of 100kHz-10GHz. For parity allowed intraconfigurational
4fn-15d-4fn transitions the radiative linewidth is of an order 100kHz-1GHz and the in-
homogeneous broadening is of an order 1GHz-1THz. For example, with the following
reasonable assumptions N = 1 · 10 20cm−3, n = 1.8, λ = 600nm, and γr/γ = 1 · 10−5
and ρ = 1, we get the maximum susceptibility of 7.2 i.e., a RI change of about
1.43. We can see that while solids may have some drawbacks such as needing low
temperatures the expected RI is higher than the one we found for gases in Section
3.4.
The intensity of the driving field required for coherent control of the refractive
index will be the major limiting factor to deciding which crystals and dopants can
be used for our RI enhancement scheme. The intensity will scale with the square of
the Rabi frequency and inversely scale with the square of the dipole moment for the
a↔d transition:
Ida =
2h¯2cn0
d2ad
Ω2 =
16pi2h¯cn
3λ3cγ
da
r
Ω2, (4.13)
where c is the speed of light, 0 is the electric permittivity of free space, and λc
is the wavelength of the control field. In order to have achievable intensities, or
at least intensities that will not damage the crystal it is important to work with
as small a Rabi frequency as possible, although this is less of a concern if we use
long pulses instead of a continous wave (CW) beam. At the same time for our
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Table 4.1
Measured decoherence for a few transitions
Crystal Transition λ Density γ
Er3+:LiYF4
4I15/2 ↔4I13/2 1530nm .1% doping 15MHz [76]
Er3+:Y2SiO5
4I15/2 ↔4I13/2 1539nm .1% doping 150MHz [76]
Er3+:LiNbO3
4I15/2 ↔4I13/2 1532nm .1% doping 180GHz [76]
Nd3+:YVO4
4I9/2 ↔4F3/2 880nm .001% doping 900MHz [76]
Pr3+:YAG 3H4 ↔1D2 610nm .1% doping 60GHz [76]
two photon feature to have the same susceptibility of the original transition we
need Ω  ∆2γbd/γba, although we can still get a significant contribution as long as
Ω ' ∆2γbd/γba. Therefore it is imperative to choose crystals that allow us to have a
small one photon detuning ∆. There are two factors that determine ∆.
The first is the general need to stay far detuned, which implies that ∆ γba. This
can only be improved by choosing crystals with small inhomogeneous broadening.
Unfortunately since the inhomogeneous broadening can only be measured at low
temperatures and can be highly different for the same dopant in different crystals or
with different densities, it is not something that is recorded for many crystals in the
literature and is not easily estimated. In fact no two crystals grown (even with the
same amount of doping) will have the exact same decoherence properties. This lack
of information is especially true for the higher transitions that are not connected to
the ground state, for lower transitions there is interest in the linewidths from groups
interested in optical quantum memories, some of which is given in Table 4.1. The
key thing to notice is that crystals where Erbium replaces Yttrium are the best bet
for getting small inhomogeneous broadening.
The second factor is that for the probe field to address both the lower transition
and the two photon effective transition than the one photon detuning of the control
field must be chosen to be similar to the difference in transition frequencies between
the upper and lower transitions i.e., ∆ ' ωba − ωcb. This means when we are
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Table 4.2
Frequency differences for ESA transitions
Crystal a↔b Transition b↔c Transition λ (nm) ωcb − ωba
Er3+:YAG 4I15/2 ↔4I9/2 4I9/2 ↔4G9/2 813.2nm -20GHz [77]
Nd3+:YAG 4I9/2 ↔4I15/2 4I15/2 ↔4F3/2 1776.5nm 150GHz [78]
Er3+:YLF 4I15/2 ↔4I9/2 4I9/2 ↔4H(2)9/2 800nm 270GHz [79]
Er3+:YAG 4I15/2 ↔4I11/2 4I11/2 ↔4F7/2 975.1nm 120GHz [77]
looking for an appropriate ESA transition, we need transitions that actually have
very closely matched frequencies. Although there are close transitions in Er, Nd, and
Pr, the transition frequencies are different for every crystal so only by examining the
low temperature spectrum of many crystals can a useful ESA transitions be found.
When looking for these transitions it is important to remember that it is okay to
use the higher Stark levels, except for level b, where we must use the lowest Stark
level so that we can pump the population into the transition effectively. Some of
the smaller frequency differences that we have found by studying low temperature
spectrum are shown in Table 4.2.
4.6 Physical realization
Therefore the best approach is to choose a crystal that has low inhomogeneous
broadening with a closely matched ESA transition. In particular Er3+:YAG or
Er3+:YLF combines the two properties we want. As the best possible example con-
sider the 4I15/2↔4I9/2↔4G9/2 transition in Er3+:YAG at 813.2nm where ωba − ωcb =
20GHz. Then we have γbar = 45Hz and γ
ba
r = 15Hz [40]. The control field can be
applied to 4I15/2 and
4S3/2 which has a stronger dipole moment with γ
da
r = 1.16kHz.
At the same time the linewidth between d↔b should not be too large since this is
close to not being an allowed transition with γdbr = .7Hz. Taking N = 1.4 · 1021cm−3
and low enough temperature to limit phonon broadening we assume with a relatively
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Fig. 4.4. Susceptibility for the implementation in Er3+:YAG as
described in the text, where for numerical calculations we assume
γda = 1GHz. The dashed line red line is Imχ and the solid blue line
gives the Reχ.
pure crystal we can have low inhomogeneous broadening γcb = .8GHz, γba = 0.3GHz,
and γdb = 0.2GHz.
Normally YAG has a refractive index of nbg = 1.82. We take ∆ = 20.56GHz and
Ω = 5.1GHz, according to Eq. (4.13) in order to get this Rabi frequency we need a
control field of intensity I = 1.34 · 105 W/m2 at λdr = 545nm. Taking these numbers
we can implement our scheme for refractive index enhancement as shown in Fig. 4.4
to achieve ∆n = .097.
4.7 Implementation with far-detuned Λ scheme
If the physical system has γcbr > γ
ba
r and γcb > γba or we do not want any regions
of gain no matter how far detuned from the probe field, than it is appropriate to use
a strong control field to make a far detuned lambda scheme using the ESA transition
as shown in Fig. 4.5. In this case the susceptibility is given by:
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Fig. 4.5. Energy level diagram for the ladder system with absorption
controlled by an effective lambda system.
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Fig. 4.6. Susceptibility for the implementation in Er3+:YAG at
990nm as described in the text. The dashed line red line is Imχ
and the solid blue line gives the Reχ.
χpr =
3Nλ3prl
8pi2
[
γbar (σbb − σaa)
δ1 − iγba −
γcbr σbbξ/(1 + 2ξ)
δ2 −∆ξ(1− ξ)− iγbd(1− ξ)− iγcbξ
]
. (4.14)
When possible, using a far-detuned Λ scheme is a better way to implement refractive
index enhancement since now the far-detuned one-photon feature provides absorption
instead of gain, therefore unlike the V scheme there is no gain at all in the system.
This means there will be no possibility for stimulated emission, making it much easier
to keep some population pumped into the intermediate level. Even for the case of
similar transition strengths it is also possible to use the far-detuned Λ scheme by
using the pumping rate as a free variable to lower the two level gain. While we still
need a population inversion, we do not need to pump all of the population to the
intermediate level instead we can pump only a small fraction over half, and therefore
lowering the gain, but also lowering the total susceptibility that can be achieved. We
therefore define the pump parameter p = (σbb − σaa)/σ22.
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For implementation of this scheme consider the 4I15/2↔4I11/2↔4F7/2 transition
in Er3+:YAG at 990nm where ωcb − ωba = 120GHz. Then we have γbar = 118.2Hz
and γcbr = 67.3Hz [40]. The control field can be applied to
4I9/2 and
4F7/2 with
γdar = 78.3Hz. At the same time the linewidth between d↔b should not be too large
since this is close to not being an allowed transition with γdbr = .5Hz. Taking N =
1.4 · 1021cm−3 and low enough temperature to limit phonon broadening, we again
assume a relatively pure crystal with low inhomogeneous broadening γcb = 1GHz
and γba = γdb = 0.2GHz, and = 0.2GHz. We take ∆ = 99.1GHz, Ω = 49GHz, and
p = .025. Taking these numbers we can implement our scheme for refractive index
enhancement as shown in Fig. 4.6 to achieve ∆n = .063. Although we must point out
that since the difference in transition frequencies was large at 120GHz, the control
field Rabi frequency also comes out to be very high. With a Rabi frequency that
would not be achievable in a CW-regime, but can be achieved in long pulses. In order
to implement this scheme with a low intensity control field it would be necessary to
find a crystal where the transition frequencies are closer and/or a crystal where the
excited state absorption cross-section is much larger than the gain transition cross-
section. Such that absorption starts off much stronger and wider, before we create
the effective two level system at two-photon resonance which is always weaker and
narrower than the original transition.
4.8 Conclusion
A three-level scheme with populated intermediate level coupled to the probe field
in the ladder configuration is suggested for realization of the resonant enhancement of
the refractive index with zero absorption in the absence of any gain region. It is shown
that coherent driving of the auxiliary transition forming together either a far-detuned
V or Λ system allows for efficient control of the gain or absorption transition and
accordingly allows for the optimization of the parameters of the system. Transition
element doped crystals possessing strong ESA at the emission wavelength represent
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themselves as natural candidates for practical implementation of such schemes. At
low temperature when phonon broadening is negligible, a high density of impurities
may result in achievement of high resonantly enhanced refractive index, ∆n ' 1.4.
We have shown one case where with reasonable drive field intensity Er3+:YAG can
be used to achieve ∆n = .1 at 813.2nm.
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5. OPTICALLY CONTROLLABLE PHOTONIC STRUCTURES WITH ZERO
ABSORPTION
5.1 Introduction
One, two, or three dimensional periodic heterostructures made of two dielec-
tric materials with different refractive indexes, such as distributed Bragg reflectors
(DBR), holey fibers, or photonic crystals find many applications, including reflective
coatings, distributed feedback lasers, and optical cavities. Different technologies such
as photo-lithography, etching, drilling, and self-assembling are used for construction
of such structures.
We suggest a method to produce transparent photonic structures in a homoge-
neous resonant atomic media, such as dielectrics with homogeneously distributed
impurities, atomic, or molecular gases, simply by illuminating these materials with
standing waves of a laser field. Such optically produced photonic structures could
easily be controlled (including switching on/off, changing amplitude and period of
modulation) and would be highly selective in frequency, naturally limited by the
width of the optical resonance.
In all of the previous proposals [19–22,44,57] the RI was uniform in space. More-
over, an enhancement of the RI with vanishing resonant absorption was achieved
only at a particular detuning of the probe field from atomic resonance and was ac-
companied by either absorption or gain at the neighboring detunings. Thus, none
of those proposals was suitable for achieving spatial modulation of refractive index
with zero absorption. Our proposal [50] is based on spatial modulation of the energy
of a populated intermediate state in a nearly degenerate ladder configuration via the
ac-Stark effect due to a standing wave field which results in a spatially dependent
detuning leading to a periodic resonant increase and decrease of the refractive index
in space while simultaneously keeping transparency of the medium.
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5.2 A ladder system with optically modulated position of an intermediate state as
1D photonic crystal
Consider the interaction of a probe field with a medium of three level atoms in a
ladder configuration such that the probe field interacts with both transitions as illus-
trated in the inset of Fig. 5.1. The transition frequencies ω21 and ω32 are close to each
other so that the probe field with frequency ωp interacts simultaneously with both
transitions and for a weak probe Rabi frequency Ωp << γ21, γ32 the susceptibility is
defined as the sum of the susceptibilities of two two-level transitions:
χ =
3Nλ3prl
8pi2
[
γ21r (ρ1 − ρ2)
δ21 − iγ21 +
γ32r (ρ2 − ρ3)
δ32 − iγ32 ]. (5.1)
Here N is the atomic density, l is the Lorentz local field correction factor discussed
in Section 2.5, the detunings are defined as δ21 = ω21 − ωp and δ32 = ω32 − ωp, λpr
is the probe field wavelength in the medium, γijr is the radiative decay rate for the
i↔j transition, γij is the total decoherence rate, and ρi is the population in the ith
energy level. We assume that the amplitudes of both transitions are matched but of
opposite sign:
γ21r (ρ1 − ρ2) = −γ32r (ρ2 − ρ3). (5.2)
which means that one of the two transitions is inverted. Let it be transition 2↔1
i.e., ρ2 − ρ1 > 0. We also assume the widths of the transitions are equal γ21 = γ32
and the probe field is tuned to two photon resonance, i.e. ωp = ω31/2. Thus for
arbitrary position of level 2 the blue detuning of the probe field from one of two
two-level transitions is equal to the red detuning from the other, i.e. δ32 = −δ21 = δ,
leading to the remarkable property that gain at one transition and absorption at
71
Fig. 5.1. Real part of the susceptibility as a function of the level
shift δ. Note that the imaginary part is identically zero. Inset: the
energy level diagram for the corresponding three level scheme.
Fig. 5.2. Real part of the susceptibility plotted as a function of
position along the optical axis.
another one cancel each other while the real part of susceptibility is doubled. So, the
susceptibility is purely real:
χ =
3Nλ3prlγ
21
r (ρ1 − ρ2)
8pi2
2δ
δ2 + γ221
. (5.3)
It means that the probe field neither experiences absorption nor gain independently
72
Fig. 5.3. Imaginary part of the susceptibility for a probe field de-
tuned from resonance by γ21/20 (solid) and γ21 (dashed) plotted as
a function of position along the optical axis.
of level 2’s energy, i.e. for arbitrary values of δ. At the same time the resonant
susceptibility varies from the minimum to the maximum value as δ is shifted from
−γ to γ as shown in Fig. 5.1. If the energy of the intermediate level is modulated in
space along the direction of propagation of the probe field, the refractive index is also
modulated. Such spatial modulation can be produced along the optical axis via the
ac-Stark shift. A control laser field Escos(ωst) applied at the 0↔2 transition adjacent
to the 1↔2 transition and far detuned from this transition ∆s = ωs − ω20 >> γ20
would result in a splitting of the intermediate state 2 into two ac-Stark sublevels
shifted in frequency by −|Ωs|2/∆s and ∆s + |Ωs|2/∆s, respectively, where Ωs is
the associated Rabi frequency. The probe field is far out of resonance with the
transitions from the second Stark sublevel from both level 1 and level 3 and, therefore
its interaction with these transitions is negligible while the first Stark sublevel is
slightly shifted from the original level 2 and strongly interacts with the probe field.
In other words, the susceptibility at each transition (2↔1 or 2↔3), which in general
consists of two terms associated with the one-photon and two-photon resonances is
reduced to the one-photon contribution and has the same form as given by Eq. (5.3),
just with shifted transition frequencies.
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If the control field represents itself as a standing wave such that the Rabi fre-
quency is a function of position inside the medium, Ωs(z) = Ωscos(ksz), then the
ac-Stark shift of level 2 is given by:
∆E = − h¯|Ωs|
2
2∆s
− h¯|Ωs|
2
2∆s
cos(2ksz). (5.4)
Thus it consists of a constant shift, |Ωs|2/2∆s, as well as a sinusoidal modulation,
(|Ωs|2/2∆s)cos(2ksz). If the difference between the atomic transition frequencies
ω32 − ω21 is chosen to be equal to −|Ωs|2/∆s then the susceptibility is described by
Eq. (5.3) with δ = (|Ωs|2/2∆s)cos(4piz/λs) (where λs is the wavelength of the control
field in the medium). Hence the refractive index will be modulated symmetrically
with respect to its background value as shown in Fig. 5.2. The spacial period λs/2 is
defined by the wavelength, while the modulation depth −|Ωs|2/∆s is defined by the
Rabi frequency of the modulating field Ωs. To provide the maximum amplitude of
refractive index modulation the Rabi frequency of the control field should meet the
condition Ω2s = 2γ∆s.
With a strong enough index variation a transparent for a particular frequency
1-D photonic crystal can be created with properties that are optically controlled.
Similarly a 2-D or 3-D photonic structure can be produced by application of 2 or 3
orthogonal modulating control fields. Even for index variations much smaller than
the background RI the medium will behave as a distributed Bragg reflector if λs ' λpr
specifically, when the wavelength mismatch is within the width of the Bragg band-
gap, λs − λpr < λs∆n/(pinbg). Since the medium remains transparent, many periods
of spatial RI structures can be used as needed to achieve the required reflection
coefficient.
When the probe field is detuned from two-photon resonance with 1↔3 transition
it will experience either gain or absorption. The question arises if such gain may result
in the building up of a spontaneously amplified field emptying the inverted transition
and limiting the propagation length of the probe field in the medium with periodic
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refractive index. Fortunately, this is not the case. Indeed, since the position of
the intermediate level is periodically modulated in space, then a detuned probe field
experiences periodically interchanging regions of gain and absorption suppressing the
development of such an instability as can be seen in Fig. 5.3. In fact averaging the
absorption over a wavelength λs shows that the medium is effectively transparent
even when the probe field is detuned from resonance.
5.3 An effective ladder system with optically tunable parameters
The simple model of a ladder system previously discussed assumed the existence
of two transitions possessing equal linewidths, equal products of transition strength
and population difference, and nearly degenerate (on the scale of the linewidth)
frequencies. It is difficult if not impossible to meet these conditions in a real atomic
system. However, it is possible to construct an effective ladder system whose upper
transition has controllable parameters which could be optically tuned to satisfy these
conditions.
It can be accomplished by adding to the original simple ladder system along
with the modulating control field Es coupled to an adjacent transition 0↔2 (as dis-
cussed earlier) a second control field Ec coupling the excited state 3 to an additional
unpopulated level 4 as shown in Fig. 5.4. This second far-detuned control field
(∆c >> γ
32
r ,Ωc where ∆c = ω43 − ωc and Ωc is the control field Rabi frequency) is
chosen to satisfy approximately the two-photon resonance condition: ωc−ωpr = ω42,
forming together with the probe field a far-detuned lambda scheme. A strong far-
detuned field results in an ac-Stark splitting of level 3 and the response to the probe
field consists of two terms representing one-photon (upper Stark sublevel) and two-
photon (lower Stark sublevel) contributions in the same way as previously discussed.
But now it is the two-photon contribution which plays a dominant role due to the
two-photon resonance condition. [44,54]
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We consider a driving field coupling the non-populated levels. Hence this field
does not change the population distribution which is provided by incoherent pump-
ing. This field will be chosen such that it is not close to the probe frequencies so
it does not act on the other transitions. Since the populations are fixed and the
probe field is weak the density matrix equations for the lower two-level system and
upper three-level lambda scheme are not coupled to each other. Hence the total sus-
ceptibility of the system is the sum of susceptibilities of the corresponding two-level
and three-level systems. Considering a steady state solution of the density matrix
equations for the four level system, using the dipole approximation as well as the
rotating wave approximation and assuming the probe field is much weaker than the
control field as derived in Section 2, we obtain:
χ =
3Nλ3prl
8pi2
{ −γ21r
δ1 − iγ21 +
γ32r (δ2 − iγ42)
(∆c + δ2 − iγ32)(δ2 − iγ42)− Ω2c
}
; (5.5)
where Ωc is the Rabi frequency of the control field, and the detuning of the control
field is given by ∆c = ω34 − ωc. The one photon detuning of the lower transition
is δ1 = ω21 − ωpr. The one photon detuning of the upper transition is given by
∆c + δ2 = ω32 − ωpr, such that the two photon detuning of the upper transition
is δ2. Since the same probe field is probing both transitions, δ1 and δ2 are not
independent, they are related by δ2 = δ1 +ω32−ω21−∆c. Though the Eq. (5.5) was
obtained for homogeneously broadened transitions it remains approximately valid
for inhomogeneously broadened transitions (with γij denoting the total linewidth as
discussed in Section 2.6) when ∆c greatly exceeds the inhomogeneous broadening.
The influence of coherent driving on realization of resonant index enhancement
is the most beneficial when the two-photon coherence, σ42 decays much slower than
polarization at the ESA transition: γ42  γ32. This condition is typically fulfilled if
adjacent level |4〉 has the same parity as level |2〉.
As discussed in Section 2.7, the susceptibility in a Λ-configuration is inversely
proportional to a quadratic polynomial in terms of the two-photon detuning with ze-
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ros of this polynomial corresponding to the two resonant contributions to the optical
coherence. If we take a further approximation keeping the most necessary terms to
keep the position, linewidth, and amplitude accurate up to ξ2, than we have:
χ2ph32 '
3Nλ3prl
8pi2
(σ22 − σ33)γ32r ξ/(1 + 2ξ)
δ2 − |Ωc|2∆c (1− ξ)− i[γ42(1− ξ) + γ32ξ]
, (5.6)
χ1ph32 '
3Nλ3prl
8pi2
(σ22 − σ33)γ32r (1 + ξ)/(1 + 2ξ)
δ2 + ∆c +
|Ωc|2
∆c
(1− ξ)− i[γ32(1− ξ) + γ42ξ]
. (5.7)
In this work ωpr is tuned to the vicinity of two-photon resonance (δ2  ∆c)
therefore the one photon contribution can be neglected when γ32/∆  ξ. We then
have the resonant susceptibility given by the superposition of the lower two level gain
and the upper effective two level absorption:
χ32 =
3Nλ3prl
8pi2
{
(σ11 − σ22)γ21r
δ1 − iγ21 +
(σ22 − σ33)γ32r ξ/(1 + 2ξ)
δ2 + ∆c +
|Ωc|2
∆c
(1− ξ)− i[γ32(1− ξ) + γ42ξ]
}
(5.8)
Now if we apply the same modulated field discussed in Section 5.2 we get a
similar shift of level 2. As a result, the total five level system under the formulated
above conditions is reduced to an effective three-level ladder system with the lower
transition 1↔2” and the upper transition 2”↔3’. Its susceptibility takes the form:
χres =
3Nλ3prl
8pi2
γ21r p/(2− p)
δp +
Ω2s
2∆s
+ δ − iγ21
+
3Nλ3prl
8pi2
ξγ32r /[(2− p)(1 + 2ξ)]
δp − ω32 + ω21 − Ω2s2∆s − δ + ∆c(1 + ξ − ξ2)− i[γ42(1− ξ) + γ32ξ]
; (5.9)
where we assume incoherent pumping (not shown in Fig. 5.4) which provides the
necessary population inversion, represented by the pumping factor p = (ρ2− ρ1)/ρ2,
while assuming level 3 is empty. Also to avoid confusion we have renamed the one
photon detuning of the lower level to δp = ω21 − ωpr, and replaced the modulation
detuning of Section 5.2 with δM = (|Ωs|2/2∆s)cos(4piz/λs).
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5.4 Matching the effective absorption to gain
We can now use what we learn from Eq. (5.9) in order to reproduce the results of
Section 5.2. The parameters of the effective upper 2”↔3’ and lower 1↔2” transitions
defined by the control fields can easily be matched.
We choose Ωs =
√
2γ21∆s to provide the maximum range of refractive index
modulation. Matching the linewidth of 3’↔2” transition to that of 2”↔1 defines the
control field parameter ξ:
ξ =
γ21 − γ42
γ32 − γ42 . (5.10)
It implies a larger linewidth of the upper 2”↔3’ transition as compared to the lower
transition 1↔2”, γ32 > γ21, and relatively slow decay of the coherence at the 4↔2”
transition: γ42 < γ32, γ21. Matching the amplitudes defines the pump parameter as:
p =
γ32r
γ21r
ξ
1 + 2ξ
. (5.11)
We take the probe field to be resonant with the dressed transition 2”↔1 such that
δp = −Ω2s/2∆s. Then matching the frequencies of the transitions defines the required
detuning of the control field ∆c:
∆c =
ω32 − ω21 + 2γ21
1 + ξ − ξ2 . (5.12)
This implies that ∆c will be on the same order as ω32 − ω21. Since |Ωc| =
√
ξ∆c
and ∆c ≈ ω32 − ω21, it is important to have 1↔2 and 2↔3 transitions with close
frequencies in order to reduce the required control field intensity. Under the above
conditions the susceptibility given by Eq. (5.9) takes the same form as in Eq. (5.3).
Thus, it becomes possible to realize resonant modulation of refractive index with
zero absorption/gain in the realistic system.
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Fig. 5.4. Energy level diagram for the 5-level system coupled with
two control fields Ωs and Ωc leading in ac-Stark splitting of levels 2
and 3 and resulting in an effective ladder system 1↔2”↔3’ in the
dressed state basis.
Fig. 5.5. Real (dashed) and imaginary (solid) part of the susceptibil-
ity as a function of distance along the optical axis for implementation
of a optically controlled distributed Bragg reflector in Er3+:YAG with
the parameters listed in the paper.
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5.5 Distributed Bragg reflector example
As an example we consider Er3+:YAG (nbg = 1.82 so l = 1.77) where the
4I9/2 to
4I15/2 (γ
21
r = 45Hz) transition at 813.2nm (transition 2-1 in Fig. 5.4) has a closely
matched excited state absorption transition (transition 2-3 in Fig. 5.4) from 4I9/2
to 4G9/2 (γ
32
r = 15Hz) with ω32 − ω21 = −20GHz. [40, 77] Coherent driving of the
transition between the next Stark level of the ground state and 4I9/2 level (transition
2-0 in Fig. 5.4) can be used for modulation of level 2 position, while coherent driving
of 4I13/2 and
4G9/2 can be used for matching of the parameters of the upper and
lower transitions in the effective ladder system. Taking N = 1.4 · 1021cm−3 and low
enough temperature to limit phonon broadening we assume γ32 = 0.8GHz, γ21 =
0.3GHz, and γ42 = 0.2GHz. Choosing pump parameter p = 0.035 and the following
parameters of the driving fields: Ωs = 2.45GHz, ∆s = −10GHz, Ωc = 7.449GHz, and
∆c = −17.893GHz along with choosing a probe detuning of δp = .2GHz, we obtain
5.4% refractive index modulation with respect to background value (∆χ′ = 0.356)
with a periodically modulated practically vanishing absorption (max |χ′′| < 0.006)
as shown in Fig. 5.5. This result follows from the numerical analysis of the 5 level
system driven with two coherent fields, and is well approximated by the analytical
formula in Eq. (5.9).
The refractive index is therefore modulated from nlow = 1.77 to nhigh = 1.87 with
a period very close to half of the probe wavelength. This modulation naturally creates
a distributed Bragg reflector; one which can be optically manipulated, turning it on
and off as well as changing the reflectivity. Since at the probe frequency we have
close to complete transparency, the standard equation for the reflectivity of a DBR
gives us a good approximation for our scheme:
R =
[
(nhigh)
2Nmod − (nlow)2Nmod
(nhigh)2Nmod + (nlow)2Nmod
]2
, (5.13)
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Fig. 5.6. Reflectance as a function of the probe field detuning with
Nmod = 122, plotted with the numbers given for Er
3+:YAG.
where the number of periods of modulation of refractive index depends on the length
of the interaction, Nmod = 2L/λs. As long as the chosen wavelength mismatch, in
our case λs − λpr = 1.44nm, is much smaller than the width of a traditional Bragg
band-gap, λpr∆n/(pinbg), which in our case is equal to 28nm.
As the probe field is detuned from atomic resonance there will be absorption/gain
which alternates on the scale of the wavelength as shown in Fig. 5.3, resulting in zero
net absorption/gain. But the combination of this absorption/gain with the fact that
only near resonance will there be a significant difference in refractive index leads to
a ultra narrow bandwidth of approximately 2γ21.
The bandwidth and reflectivity can be numerically determined by calculating the
reflectivity as a function of probe field detuning. We do this by constructing a trans-
port matrix to describe propagation through the medium with changing refractive
index. We approximate the index change shown in Fig. 5.5 by repeating modulations
of the average index. Then as we move through each section we get boundary effects
81
going from high to low described by P12 and from going from low to high described
by P21:
P12 =
 1z12 p12z12
p12
z12
1
z12
 , (5.14)
P21 =
 1z21 p21z21
p21
z21
1
z21
 . (5.15)
We also have the effect of propagation through each region of refractive index which
can be described by D1 for propagation through the high refractive index region:
D1 =
 e−αhigh/4e−iφhigh 0
0 e−αhigh/4eiφhigh
 , (5.16)
and propagation through the low index region can be described by:
D1 =
 e−αlow/4e−iφlow 0
0 e−αlow/4eiφlow
 ; (5.17)
where in these equation we define:
z12 =
2nhigh
nhigh + nlow
, (5.18)
z21 =
2nlow
nhigh + nlow
, (5.19)
p12 =
nhigh − nlow
nhigh + nlow
, (5.20)
p21 = −p12. (5.21)
The extra phase accumulation of the probe field is given by:
φlow =
pi
2
nlow
n
λs
λpr
, (5.22)
φhigh =
pi
2
nhigh
n
λs
λpr
. (5.23)
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Notice that the phase accumulation is lowered by the difference in wavelengths but
not by much. While the gain or absorption of the probe as it propagates is given by
αlow and αhigh. Then we can describe the propagation through one modulation by
the transfer matrix:
S = P12 ·D2 ·P21 ·D1. (5.24)
Then we can describe propagation through the entire medium by multiplying out
this matrix Nmod times giving:
SN = S
Nmod . (5.25)
From this we can construct the transport matrix:
RN = Re[SN ·S∗N ], (5.26)
and the reflectivity:
R =
RN [1, 2]
RN [2, 2]
. (5.27)
Thus we get our reflectance in terms of nlow, nhigh, αlow, αhigh. The next step to
determine the bandwidth is to plot the reflectance as a function of probe detuning.
Therefore for each detuning we need to solve for R, first by solving for nlow, nhigh,
αlow, αhigh at that particular detuning. Then we can numerically solve the optical
Bloch equations for the susceptibility of the probe field as a function of the distance
through the crystal z at a fixed detuning δp:
nhigh =
4
λs
∫ +λs/8
−λs/8
dz
√
n2 + Reχ(z), (5.28)
nlow =
4
λs
∫ +λs/8+λs/4
−λs/8+λs/4
dz
√
n2 + Reχ(z), (5.29)
αhigh =
4
λs
∫ +λs/8
−λs/8
dzImχ(z), (5.30)
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αlow =
4
λs
∫ +λs/8+λs/4
−λs/8+λs/4
dzImχ(z). (5.31)
Going through this procedure for a number of different probe field detunings we can
get a plot of R(δp) which shows us the bandwidth as shown in Fig. 5.5. Already
a relatively thin medium with L = 50µm (which corresponds to 122 periods of
modulation) provides quite high reflection coefficient, R = 0.9995. The produced
DBR has a very narrow bandwidth of 0.6GHz (defined by the linewidth of atomic
resonance) and may be used as a frequency selective reflector.
5.6 Conclusion
In conclusion, we proposed a method to produce periodic modulation of the
refractive index while keeping zero net absorption/gain. The method is based on
spatial modulation of the energy of the populated intermediate state in effective
three level system with matched transition properties by an external strong control
field via the ac-Stark effect. Possible implementation of this technique in Er3+:YAG
is suggested, where a 5% modulation of refractive index with vanishing absorption
is possible. The proposed method may find useful applications for the creation of
optically controllable photonic structures such as distributed Bragg reflectors, holey
fibers, photonic crystals, etc. A major advantage of these structures as compared
to traditional photonic structures is that they can be easily manipulated (including
switching on/off, changing the amplitude and period of modulation) by varying the
parameters of the optical control fields.
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6. OPTICAL FLUORESCENCE AT THE COMBINATIONAL FREQUENCY IN
COHERENTLY DRIVEN THREE-LEVEL SYSTEMS
6.1 Introduction
In 3 level systems with a pump and driving field, resonance fluorescence has been
mainly studied at transitions directly coupled to one of two applied fields. Fluores-
cence at the third transition that is not coupled directly to the fields has not been
considered since these transitions in atoms are electro-dipole forbidden due to the
selection rules. The situation may be different for example, in atomic gases when
one of the three transitions is magneto-dipole allowed hyperfine or Zeeman transition
driven by a radio frequency field or in molecular gases when the driven transition is
chosen between different vibrational or rotational levels. All three transitions may be
allowed between the energy levels of rare-earth ions doped into the dielectric crystals
due to admixture of the crystal field, or between the dimensional quantization levels
in asymmetric quantum wells. In these cases, studying the fluorescence at the tran-
sition not coupled to the fields could provide important spectroscopic information.
Recently an interesting counter-intuitive effect, called the “valve” effect, was pre-
dicted and experimentally observed in scattering of Mo¨ssbauer gamma-ray radiation
under the condition of resonant radio frequency (RF) driving of the split excited nu-
clear state [52, 53]. Namely, it was shown that in the presence of sufficiently strong
RF driving field, when the Rabi frequency at the driven transition exceeds the radia-
tive decay at the gamma-ray transition Ωd > W21, the photons prefer to be scattered
at the combinational (sum of pump and RF fields frequencies) transition in spite
of the fact that the radiative decay rates of the two gamma-ray transitions are the
same. This effect looks counter-intuitive. Indeed, naively one could expect that the
population of the most upper state 3 in a ladder scheme should not exceed the pop-
ulation of the middle level 2 since the driving field between the two upper levels may
only equalize the populations but not provide population inversion between these
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levels such that the two-photon transition 3↔1 should be weaker compared to the
one-photon transition 2↔1.
The same effect was considered in a three-level system coupled to an optical and a
RF field satisfying the two-photon resonance condition in a ladder configuration [81].
An advantage of optical transitions is the possibility of their strong laser excitation
resulting in high fluorescence intensity. Since the driven transition in [81] was chosen
in the RF range, fluorescence at this transition was not considered and the population
decay was neglected. The homogeneous linewidth of all three atomic transitions was
also assumed to be caused only by radiative decay and inhomogeneous broadening
effects were not considered.
In this section we derive and compare the fluorescence spectra from three-level
atomic systems, with all three transitions allowed and coherently coupled with two
fields in the cascade and lambda configurations. We show that the total fluorescence
intensity at the transition which is not coupled to the fields (which we call for sim-
plicity two-photon fluorescence although it is actually one-photon fluorescence at the
combinational frequency) may essentially dominate each of the two one-photon (i.e.
directly excited) channels. It is shown that a prevalence of two-photon fluorescence
over one-photon fluorescence at the excited transition is due to a counter-intuitive
population distribution, namely, higher population in the level from which the two-
photon fluorescence originates. In particular, in the lambda scheme it means counter-
intuitive population inversion at the driven transition. For this reason the decay rate
at the driven transition makes the lambda scheme more favorable as compared with
the ladder scheme for realization of the valve effect. We also analyze the influence
of additional homogeneous broadening mechanisms (such as collisions in gases, or
phonon broadening in solids) and inhomogeneous line broadening (caused by the
Doppler effect in gases or fluctuations in the local environment in solids) on the dis-
tribution of fluorescence between two-photon and one-photon fluorescence channels.
We show that in the case of counter-propagating fields in the ladder scheme and
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(a) (b)
Fig. 6.1. Energy level diagram for the three level (a) cascade scheme
and (b) lambda scheme.
co-propagating fields in the lambda scheme Doppler broadening is actually favorable
for realization of the valve effect.
6.2 Derivation of the fluorescence spectra
We consider two different configurations of three-level systems, namely the cas-
cade (Ξ) and lambda (Λ) configurations (see Fig. 6.1). In both of these schemes the
pumping field couples levels 2 and 1 and the driving field couples levels 3 and 2 so
that level 2 is coupled to both fields. The schemes differ from each other only by
the relative positions of the energy levels and hence the density matrix equations
describing these schemes are essentially the same before the specification of the in-
coherent transition constants. Although for the different schemes energy levels can
change from lower to upper states, the corresponding energy difference just deter-
mines which rotating component of the field should be selected in the rotating wave
approximation (RWA) in order to provide small detuning of this field from the cor-
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responding frequency of the atomic transition. In particular, for the cascade scheme
the density matrix equations in RWA take the form:
σ˙21 = −iδσ21 − γ21σ21 − iΩp(σ22 − σ11) + iΩ∗dσ31, (6.1)
σ˙31 = −i(δ + ∆)σ31 − γ31σ31 − iΩpσ32 + iΩdσ21, (6.2)
σ˙32 = −i∆σ32 − γ32σ32 − iΩd(σ33 − σ22)− iΩ∗pσ31, (6.3)
σ˙22 = iΩpσ12 − iΩ∗pσ21 + iΩ∗dσ32 − iΩdσ23 − (W23 +W21)σ22 +W32σ33, (6.4)
σ˙33 = iΩdσ23 − iΩ∗dσ32 − (W31 +W32)σ33 +W23σ22, (6.5)
σ11 = 1− σ22 − σ33; (6.6)
where δ = ω2 − ω1 − ωp is the detuning of the pump and ∆ = ω3 − ω2 − ωd is the
detuning of the driving field. The population transfer rates are defined such that Wij
is the population transfer rate from energy level i to level j, we will take population
transfer to be due to radiative decay on the electro-dipole allowed transitions. The
equations for the lambda scheme may be obtained from these equations just by the
replacement of ∆ by -∆ and Ωd by Ω
∗
d.
For the derivation of the fluorescence spectra we closely follow the classical papers
[25,27]. The set of equations may be rewritten in the compact matrix form:
Ψ˙ = MˆΨˆ + Lˆ, (6.7)
where Ψˆ = [σ12, σ13, σ23, σ22, σ33, σ21, σ31, σ32]
T and Mˆ is a 8x8 time independent
matrix of the coefficients of Eqs. (6.1-6.6), and the inhomogeneous term Lˆ is also a
column vector, Lˆ = [−iΩp, 0, 0, 0, 0, iΩ∗p, 0, 0]T . The formal solution of Eq. (6.7) at
steady state is:
Ψˆ = −Mˆ−1Lˆ. (6.8)
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The fluorescent spectrum of each of the 3 atomic transitions is defined as the Fourier
transform of the correlation function of the polarization at the corresponding tran-
sition:
Sij(~r, ω) = Re
∫ ∞
0
lim
tˆ→∞
〈Pˆ (−)ij (tˆ+ τ), Pˆ (+)ij (tˆ)〉eiωτdτ, (6.9)
Pˆ
(+)
ij (t) = µij|i >< j|e−i(ωj−ωi)t. (6.10)
According to the quantum regression theorem [82] the two-time atomic correlation
functions in Eq. (6.9) can be calculated via one-moment averaging. Then using
the formal solution, Eq. (6.8), we obtain the incoherent intensity spectra for each
transition. For the Ξ system the fluorescence spectrum is given by:
SΞ31(ω) = |µ13|2Re[Nˆ (31)2,2 Ψ5(∞) + Nˆ (31)2,1 Ψ8(∞)−
8∑
j=1
Nˆ
(31)
2,j Ψj(∞)Ψ7(∞)], (6.11)
SΞ21(ω) = |µ12|2[Nˆ (21)1,2 Ψ3(∞) + Nˆ (21)1,1 Ψ4(∞)−
8∑
j=1
Nˆ
(21)
1,j Ψj(∞)Ψ6(∞)], (6.12)
SΞ32(ω) = |µ23|2Re[Nˆ (32)3,6 Ψ7(∞) + Nˆ (32)3,3 Ψ5(∞) + Nˆ (32)3,4 Ψ8(∞)
−
8∑
j=1
Nˆ
(32)
3,j Ψj(∞)Ψ8(∞)]. (6.13)
For the Λ system the spectrum components are the same for S31 and S21 only the
spectrum for S23 is different:
SΛ23(ω) = |µ32|2Re[Nˆ (32)8,7 Ψ6(∞) + Nˆ (32)8,5 Ψ3(∞) + Nˆ (32)8,8 Ψ4(∞)
−
8∑
j=1
Nˆ
(32)
8,j Ψj(∞)Ψ3(∞)]. (6.14)
In Eqs. (6.11-6.14), the matrix functions take the form:
Nˆ ij(ω) =
1
i(ω − zij)Iˆ − Mˆ
. (6.15)
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The center frequency of the fluorescence spectrum is given by zij where z21 = ωp,
z32 = ωd and for the cascade scheme z31 = ωp + ωd while for the lambda scheme
z31 = ωp − ωd. Iˆ is the 8x8 identity matrix and Ψˆ(∞) is the steady state solution of
the matrix Eq. (6.7).
To find the total incoherent fluorescence intensity we just need to integrate the
spectrum over frequency:
Iij(r) =
Nγh¯ω
4pi2r2
∫ +∞
−∞
lim
tˆ→∞
Sij(r, ω)dω; (6.16)
where N is the number of atoms, γ is the population decay rate for the transition, ω
is the frequency of the transition and r is the distance from the detector. In the case
of resonant fields (δ = 0, ∆ = 0) the total intensity may be simply expressed via the
difference between the steady state population of the upper level in the fluorescence
channel and the corresponding coherence:
Iij(r) =
Nγh¯ω
4pir2
(σii − σijσji). (6.17)
We are looking for situations where the the total fluorescence for the two-photon
channel 3↔1 is larger than the one-photon 2↔1, so we will be interested in the
ratio of total fluorescence intensities, I31/I21. Since the main contribution to the
fluorescence spectrum is due to the population terms we can get a better insight into
the valve effect by deriving an analytic expression for the ratio of populations:
σ33
σ22
=
(2γ31 +W21)Ω
2
d +W23(γ31γ32 + Ω
2
p)
(γ31γ32 + Ω2p)(W32 +W31) + (2γ31 −W31)Ω2d
. (6.18)
Here for the cascade case W23 = 0, for the lambda case W32 = 0, and for the RF
driving case W32 = W23 = 0.
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Fig. 6.2. Fluorescence spectrum for the cascade and lambda scheme
with RF driving field in arbitrary units. For convenient comparison
the position of two-photon spectrum is shifted from it’s original po-
sition ω − ω31 to be centered at the same frequency as one-photon
spectrum ω−ω21. The solid line corresponds to the two-photon chan-
nel, S31, and the dashed line corresponds to the one photon channel,
S21. Both are plotted with Ωp = 1, Ωd = 2, W31 = W21 =1, W32 =
W23 = 0.
6.3 RF-driving
Let us consider the case where the driven transition is in the radio frequency
range. It can correspond to the hyperfine or Zeeman sublevels in a gas of alkali atoms
or a transition element doped crystal. The population relaxation rates between the
hyperfine or Zeeman sublevels are defined in a gas by the interaction time with the
light beams while in solids they are defined by the spin-lattice interaction, so that
W32 = W23 = Wd. Typically, they are much smaller then the spontaneous decay
rates at the optical transitions, Wd  W21,W31. Since both optical transitions are
dipole allowed and have very close frequencies, we take the decay rates at optical
transitions to be equal, W21 = W31 = Wp. We assume also that the homogeneous
linewidths are defined by the decay rates of population from the corresponding levels:
γij =
∑
(Wik+Wjk)/2. In the case of a gaseous medium it corresponds to the situation
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Fig. 6.3. The intensity ratio I31/I21 for the RF driven scheme as a
function of driving Rabi frequency. With γ31 = .5 + γ
ad
31 and γ21 =
.5 + γad21 . Otherwise the same values of parameters as Fig. 6.2.
where atomic collisions are negligible i.e., either in an atomic beam or a cell of low
atomic density. In solids it corresponds to cryogenic temperatures where phonon
broadening is negligible. Thus taking Wd = 0, γ21 = γ31 = Wp/2 and γ32 = Wp.
Since the expressions for the fluorescence spectra at the one-photon 2↔1 and
two-photon 3↔1 transitions are the same for the lambda and cascade systems and
the steady-state solution of the density matrix equations for these systems in the case
of RF driving also coincide due to the symmetry of the decay rates, W32 = W23 = 0,
all results for the cascade and lambda schemes become identical to each other.
The typical two-photon and one-photon fluorescence spectra for these schemes are
shown in Fig. 6.2. The reason for the pronounced peaks in the two-photon fluores-
cence spectrum is the same as in the one-photon fluorescence spectrum namely, the
ac-ac-Stark splitting of only the upper levels in case of the strong driving and weak
pumping field (resulting in two peaks with positions determined by Ωd) or both upper
levels and ground state in the case of strong driving and pumping fields (resulting
in three or five peaks) with positions determined by the intensities of both driving
and pumping fields (as it was explained in [25,27] for one-photon fluorescence). For
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relatively high intensity of the driving field, Ωd > Wp, the total two-photon fluores-
cence intensity may essentially surpass the one-photon fluorescence, see Fig. 6.2 and
Fig. 6.3, as it was noticed earlier and termed the valve effect [52,53,81]. Here and for
the rest of the paper all magnitudes possessing frequency units will be normalized by
the radiative decay rate, W21. The valve effect is clearly due to a population inver-
sion between levels 3 and 2. This is due to a dip in the population of level 2 caused
by the Stark splitting of this level while level 3 is maximally populated under the
condition of two-photon resonance. It is worth while to note that with strong driving
Ωd >> Ωp both the one-photon and two-photon fluorescence intensities decrease as
Ω4p/Ω
4
d while their ratio essentially saturates at Ωd ≥ 2Ωp.
Let us assume now that the total polarization decay rate at both optical tran-
sitions is defined as γij =
∑
(Wik + Wjk)/2 + γ
ad
ij where γ
ad
ij takes into account ad-
ditional phase destroying processes (such as collisional line broadening in gases or
phonon broadening in solids) on the valve effect. As one would expect additional
decoherence on the two photon transition decreases the intensity ratio until I31/I21
= 1, slowly destroying the valve effect as shown in Fig. 6.3. While having γad21 > 0
is beneficial since it broadens the one photon transition while not affecting the two
photon transition. When there is additional decoherence on both transitions the
decay of 3↔1 coherence supersedes any benefit from decreased 2↔1 coherence also
destroying the valve effect.
6.4 Optical driving
Let us now consider the situation where the frequency of the driven transition is
comparable to the other two atomic frequencies. Such a situation may be realized
either in molecular gases when the driven transition is chosen between different vi-
brational or rotational levels, or in rare-earth doped crystals or asymmetric quantum
wells. In this case radiative decay at the driven transition 3↔2 may be comparable
to Wp and should be taken into account. It results in depletion of level 3’s population
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Fig. 6.4. Fluorescence spectra for the optically driven cascade
scheme and at the two photon transition S31 (solid line), one-photon
pumped transition S21 (dashed line), and one-photon driven transi-
tion S32 (the dotted line). All spectra are shifted to the origin for
convenient comparison. With W32 = 1, W23 = 0. All other parame-
ters are the same as in Fig. 6.2.
in the cascade scheme (due to a additional decay channel W32), and an increase of
its population in the lambda scheme (due to W23) as can be seen in Eq. (6.18). Thus
the lambda scheme becomes more favorable for the realization of the valve effect
(i.e. I31/I21 > 1 at W31 = W21) while in the cascade scheme the effect is reduced
with increase of W32 as illustrated by Fig. 6.4 and Fig. 6.5. At the same time, the
radiative decay at 3-2 results in the appearance of fluorescence at the driven transi-
tion. For both cases the two-photon fluorescence may dominate fluorescence at the
driven transition I31/I32 > 1 as shown in Fig. 6.6 and Fig. 6.7. For the cascade case
since the population of an upper level for transitions 3↔1 and 3↔2 is the same the
higher intensity of fluorescence in the two-photon channel is due to a smaller polar-
ization induced at this transition, see Eq. (6.17), and consequently only happens for
small driving Rabi frequencies. While for the lambda case since both one photon
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Fig. 6.5. Fluorescence spectra for the optically driven lambda
scheme at the two photon transition S31 (solid line), one-photon
pumped transition S21 (dashed line), and one-photon driven tran-
sition S32 (the dotted line). All spectra are shifted to the origin for
convenient comparison. With W23 = 1, W32 = 0. All other parame-
ters are the same as in Fig. 6.3.
Fig. 6.6. Intensity ratio, I31/I21, (solid line) and intensity ratio
I31/I32 (dashed line) as a function of Ωd for the cascade scheme. All
other parameters are the same as in Fig. 6.2.
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Fig. 6.7. Intensity ratio, I31/I21, (solid line) and intensity ratio
I31/I32 (dashed line) as a function of Ωd for the lambda scheme. All
other parameters are the same as in Fig. 6.3.
transitions originate from level 2, the higher population in level 3 ensures for strong
driving that I31 > I32, I21.
It is interesting to consider the specific case when the total decay rate from the
most upper level is equal to the decay rate from the intermediate state. Indeed,
in this case the populations of these two excited states are expected to be equal,
according to the balance approach, neglecting the coherences. In the cascade case it
would lead to I31 + I32 = I21, implying that I31 < I21. But it turns out that two-
photon fluorescence, excited with both strong pumping and driving fields, Ωp ≥ W21,
Ωd ≥ Ωp, dominates one-photon fluorescence in both the 2↔1 and 3↔2 channels
I31 > I21, I32, which may be called a generalized valve effect. Similarly in the lambda
scheme two-photon fluorescence dominates one-photon fluorescence in both 2↔1 and
3↔2 channels, I31 > I21, I32, when W21 + W23 = W31 and Ωp ≥ W21, Ωd ≥ Ωp. Like
in the RF case additional decoherence at the two photon transition is especially
harmful for two-photon fluorescence. On the other hand, Doppler broadening under
certain conditions increases the ratio I31/I21, I31/I32 as discussed in the next section.
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6.5 Inhomogeneous broadening
The situation considered above when the linewidths are homogeneously broad-
ened may be realized experimentally either in atomic beams propagating perpendic-
ular to the external fields as well as to the direction of observation or in an ensemble
of very cold atoms in an optical trap. In the case of hot and sufficiently dilute (when
collisional broadening is negligible) atomic or molecular gas in a cell and in the case
of rare-earth doped crystals at cryogenic temperature (when phonon broadening is
negligible) inhomogeneous line broadening should be taken into account.
Many systems experience inhomogeneous broadening of energy levels due to each
atom being in a different environment. Such as hot gases where each atom has a
different velocity or in doped crystals where each atom sees a different part of the
surrounding crystal lattice. Thus it is important to study the influence of inhomo-
geneous broadening on fluorescence in different channels and in particular on the
possibility of experimental realization of the valve effect.
For equal inhomogeneous broadening of all three transitions, the effect of the flu-
orescence intensity is similar to the effect of including extra homogeneous broadening
as previously discussed. The more interesting case for the valve effect is when the
inhomogeneous broadening mechanism can decrease one photon emission but does
not have a significant impact on the two photon fluorescence channel.
For example lets consider a Doppler broadened gas where the atoms are traveling
with velocities, ν, given by a Maxwell distribution. Due to the Doppler effect the
frequency of the pump and driving field, as seen by each atom, will be slightly
different, ωd(νy) = ωd ± νy/c and ωp(ν) = ωp ± νy/c; where c is the speed of light
and νy is the velocity component propagating with the field. The positive sign
means the field is counter propagating with respect to the velocity and the negative
sign means it is co-propagating. Since the shift in both fields are due to the same
velocity, in the density matrix we can define the detunings such that δ(ν) = δ + δD
and ∆(ν) = ∆ ± (ωd/ωp)δD where δD = ωpν/c. When the atom traveling at a
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Fig. 6.8. Doppler broadened fluorescence spectra at the two photon
transition S31 (solid line), one-photon pumped transition S21 (dashed
line), and one-photon driven transition S32 (dotted line) in the cas-
cade scheme with counter-propagating fields. All spectra are shifted
to the origin for convenient comparison. The HWHM of the Doppler
linewidth is Γ = 2, and ωd = ωp. For simplicity the detector is taken
to be perpendicular to the beam, θ = 0o. All other parameters are
the same as in Fig. 6.4.
velocity ν emits a photon it has a Doppler shifted frequency, as discussed in [83] the
spectrum will depend on the angle θ in the x-y plane our detector is positioned since in
Eq. (6.15) we need to change zij to zij+δD−δω where δω = (νycos(θ)+νxsin(θ))δD/νy.
We can then integrate Sij(ω, δD) over a Gaussian distribution with a HWHM of Γ to
give the Doppler broadened spectrum:
Sinhij (ω) =
∫ +∞
−∞
Sij(ω, δD)
1√
2piΓln2
e
−(δD−δp)2
2ln2Γ2 dδD. (6.19)
Therefore Doppler broadening under this condition is favorable for the valve effect.
Even in situations when the two-photon fluorescence is weaker then one-photon flu-
orescence, with an increase of the Doppler broadening the two-photon channel starts
to dominate both one-photon channels.
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Fig. 6.9. Doppler broadened fluorescence spectra at the two pho-
ton transition S31 (solid line), one-photon pumped transition S21
(dashed line), and one-photon driven transition S32 (dotted line) in
the lambda scheme with co-propagating fields. All spectra are shifted
to the origin for convenient comparison. The HWHM of the Doppler
linewidth is Γ = 2, and ωd = ωp. For simplicity the detector is taken
to be perpendicular to the beam, θ = 0o. All other parameters are
the same as in Fig. 6.5.
Apparently, large Doppler broadening washes out the Stark structure both in the
one-photon fluorescence and two-photon fluorescence. However in the case of driving
and pumping fields of close frequencies ωd/ωp ' 1 the Doppler frequency shifts for
counter-propagating fields in a cascade and co-propagating fields in a lambda config-
uration compensate each other. Thus the ratio I31/I21 is enhanced under conditions
of Doppler broadening due to less efficient excitation of level 2 by the pumping field
as compared to level 3 (since the last one is excited in all the atoms while the first
one only in a fraction of atoms of an order of γ21/γ
inh
21 ) as it is illustrated by Fig. 6.8
and Fig. 6.9.
Though it is not feasible to have all three transitions allowed in a atomic gas
with ωd/ωp ≈ 1 because of the selection rules, the enhancement of the valve effect
by the Doppler broadening may be realized in molecular gases using a combination
of electronic, vibrational, or rotational transitions so that ωd/ωp ∼ 1.
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Inhomogeneous broadening in solids in the case ωd/ωp ∼ 1 could also result in
relative enhancement of two-photon fluorescence channel with respect to one-photon
ones when this broadening at the two-photon transitions is essentially smaller then
at the one-photon transitions (resulting again in more efficient excitation of level 3).
In solids this effect certainly does not depend on the relative direction of propagation
(co- or counter- propagation) of the pumping and driving fields, since the transitions
are uniformally broadend in this case.
Since in the case of RF driving the ratio ωd/ωp  1 inhomogeneous broaden-
ing effects the two-photon transition in the same manner as one-photon transitions
resulting in additional decoherence of these transitions destroying the valve effect.
6.6 Conclusion
We considered the physical situations where all three transitions in a 3-level
medium coupled with two fields in the cascade and lambda configuration are allowed
and derived the fluorescence spectra at all three transitions. Specific attention is
given to the analysis of fluorescence spectra at the transition adjacent to the coupled
ones which is excited by a joint action of two fields (two-photon fluorescence) and to
its comparison with fluorescence at the driven transitions. It is found that under the
two-photon resonance condition the two-photon fluorescence intensity may essentially
exceed fluorescence simultaneously in each one-photon channel.
Our analysis was limited by the simplest case of a quantum system with three
nondegenerate energy levels which could be realized in practice by using a strong
magnetic field to lift the Zeeman degeneracy or under certain conditions by choosing
an appropriate circular polarization of the applied fields. It would be interesting to
extend this work to the case of degenerate levels to describe the angular dependence
of combinational frequency fluorescence (as it was done previously for the calculation
of fluorescence at the driven transitions [84, 85]). Since the valve effect deals with
the integral fluorescence intensity and is based essentially on the counter-intuitive
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population distribution one could expect that it would take place also in the case of
degenerate levels.
We have also considered decoherence mechanisms additional to radiative decay
(such as collisions in gases or phonon broadening in solids) which lead to suppression
of two-photon with respect to one-photon fluorescence. On the other hand, Doppler
broadening for counter-propagating pumping and driving fields in a cascade and co-
propagating fields in a lambda configuration in the case of similar frequencies of the
fields leads to enhancement of two-photon with respect to one-photon fluorescence
due to reduction of Doppler broadening in the two-photon absorption. It would
be interesting in the future to study the statistics of the two-photon fluorescence
in particular, looking for quantum coherence effects such as production of squeezed
states, line narrowing, and fluorescence inhibition effects which were observed earlier
in one-photon fluorescence spectra.
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7. CONCLUSION
We have presented three different applications of coherent control of optical pro-
cesses in resonant mediums. We gave two schemes that use an effective two-level
system with linewidth, amplitude, and frequency that we control, to compensate
resonant absorption with gain in order to manipulate the refractive index while
maintaining transparency and avoiding nearby regions of gain. We then discussed
how such systems could be used to create optically controlled photonic structures
in homogeneous media. Finally, we have discussed resonant fluorescence of three-
level atoms, in particular we derived the fluorescence spectrum for all three possible
transitions in a three-level Λ or V scheme.
We demonstrated the possibility of enhancement and control of the refractive
index in a mixture of two three-level atomic species that form a pair of far-detuned
lambda schemes under two-photon resonance. Both lambda systems are driven by
a corresponding far-detuned coherent field at one atomic transition and probed by
a common weak field. By making the absorption transition stronger than the gain
transition, we were able to eliminate any regions of gain. We analyze the experimental
implementation of such a system in a cell of Rb atoms at natural abundance showing
that it is possible to obtain a refractive index enhancement on the order of ∆n '
5 · 10−3. We show that there is a maximum value for the achievable refractive index
in such systems since with an increase in density there is also an increase in atomic
collisions and dipole-dipole interactions which limit the refractive index in such a
system.
We also suggested a three-level nearly degenerate ladder system with populated
intermediate state as a promising basic scheme for the resonant enhancement of
the refractive index with zero absorption/gain. Coherent driving at an additional
transition, either adjacent to the upper absorption transition forming a Λ scheme
or adjacent to the lower gain transition forming a V scheme, allows for efficient
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control of the parameters of an effective two-level transition. We show that resonantly
enhanced refractive index with negligible absorption in a narrow frequency region and
with eliminated gain in the nearby frequency range can be achieved. We suggested
implementation in transition element doped crystals possessing strong ESA. It was
shown that at low temperature when phonon broadening is negligible, a high density
of impurities may result in achievement of resonantly enhanced refractive index, for
example in Er3+:YAG it is possible to achieve ∆n = .1 at 813.2nm.
We showed how to extend this second scheme for refractive index control to
produce periodic spatial variation of the refractive index while keeping zero net
absorption/gain. This is the first suggestion of how to optically create photonic
structures in a homogeneous medium. The method is based on spatial modulation
of the energy of the populated intermediate state in an effective three level system
with matched transition properties by an external strong control field via the ac-
Stark effect. Possible implementation of this technique in Er3+:YAG is suggested,
where a 5% modulation of refractive index with vanishing absorption is possible.
We also show how this modulation could be used to produce an optically controlled
distributed Bragg reflector. A major advantage of these structures as compared to
traditional photonic structures is that they can be easily manipulated (including
switching on/off, changing the amplitude and period of modulation) by varying the
parameters of the optical control fields.
Finally, we shifted our focus to the coherent control of resonant fluorescence where
we derived and compared the optical fluorescence spectra at all three transitions for
a three-level systems coherently coupled with two fields in a cascade or lambda
configuration. We show that coherent driving can efficiently control the distribution
of intensities between the fluorescent channels. In particular, the total intensity of
fluorescence at the combinational frequency (sum or difference of the driving fields
frequencies in the ladder and lambda systems, accordingly) may essentially exceed
the fluorescence intensity at the driven transitions under the condition of two-photon
103
resonance. This counter-intuitive effect is due to depletion of an intermediate state
via atomic interference.
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